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TRANSDUCER  COMMITTEE  OBJECTIVES 


This  committee  apprises  the  Telemetry  Group  (TG)  of  significant 
progress  in  the  field  of  transducers  used  in  telemetry  systems; 
maintains  any  necessary  liaison  between  the  TG  and  the  National  Bureau 
of  Standards  and  their  transducers'  program  or  other  related  telemetry 
transducer  efforts;  coordinates  TG  activities  with  other  professional 
technical  groups;  collects  and  passes  on  information  on  techniques  of 
measurement,  evaluation,  reliability,  calibration,  reporting  and 
manufacturing;  recommends  uniform  oractices  for  calibration,  testing 
and  evaluation  of  vehicular  instrumentation  components;  and 
contributes  to  standards  in  the  area  of  vehicular  instrumentation. 
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History; 

The  Workshop  is  sponsored  Oy  the  Vehicular 
Instmnent:  at  ion/ Transducer  Ccrmittee,  Tpi^netry  Group  of  the 
Range  Ccmnanders  Council.  This  camnnee  develops  and 
implementb  standards  anu  procedures  for  transducer 
applications.  TTie  fourteen  pneMious  '^kshoos,  heginninq  in 
19^,  were  held  at  two-year  intervals  at  or  near  various 
■J.S.  GoverniKnt  instal'anons  around  tne  count nv. 
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Attendees; 

Attendees  are  woncing-ieve'  .xoo  e  .^no  -njst  so;ve  - 
life  naroware  proolens  and  wno  are  STnjfniij  xienteo  to  one 
practical  approach.  Tdeir  neld  is  na.riny  moasur-Hre-ts  ot 
physical  parditters  using  transducers.  Test  and  project 
people  who  attend  will  oene'^it  from  exposure  to  trr  tru- 
complexity  of  transducer  evaluation,  selection,  and 
app'l  ication. 

Sdajects; 

Prdi.fical  probleiss  involving  transducers,  signal 
canitiowrs,  (Tid  read-oi;t  devices  will  Pe  considered  as 
separate  cunpcnerts  and  in  systuns.  Engineering  tests, 
laboratory  calibrations,  transducer  developments  and 
evalu.'iti'xs  n-i^re^ent  potential  applications  of  the  ideas 
presented.  Measuranos  include  force,  pr.  ssu-e,  flow, 
acce’eration,  velocity,  J'splacement ,  tcx,..crature  and 
otheir^ . 

E0|iusis: 

rtX'  vVOrltSIX,',- 

t  IS  a  ,xa<,n.,at  apvroach  to  Uie  s'l  irnxi  of  roasurwnent 
I  -nxi  I  tTnt . 

•  St'ony'j  I  .V,  uses  on  transducers  an.,  relate, 1 
ipnLnnt'ntdi o  use-i  in 'Tea<;urarientt  ix-nne*:' ipg, 

•  has  d  high  ratio  jt  discuss -rr  to  pre ;eni at ' on  ot 
paper,,  aid 

•  share,  knowlefige  -and  experience  throucn  loer  discussion 
U’-i  prcj'lox  'Olvirx,'. 

Each  scssi'jTi  jidornan  ax  f  jr.agc',  guxsticrs  tr  ji  Chi? 

JUUKWX.,,  .li  ter  C-Xr  ■,,  ,.c,,  ,1-  .1  Tl. 


lhi>  wiTvshf.'.'  brings  'ogetncr  those  people  who  us? 
ciansducers  'o  i'len.ify  ji  'Oi-is,s  and  to  suggest  scir"  ’ 
sr'.,yns,  id. 'iti  f  .ps  areas  if  CLnkvi  mteiTSt,  ’rtl  prividt -> 
.1  caiexrnc ion  channel  witnin  tne  coniiuniir  ■  transvlucer 
user,.  Sane  exanjiles  aro 


•  7mprov<}  the  ccordination  of  information  regarding 
transcocer  standards,  test  techniques,  evaluations,  and 
appi 'cation  practices  among  tne  national  test  ranges, 
--aiige  users,  range  contractors,  other  transducer  users, 
and  transducer  manufacturers; 

•  encourage  the  establ  isrrnpnt  of  special  sessions  so  that 
attendees  with  measurement  problems  in  specific  areas 
can  fonn  suDgroups  and  remain  to  discuss  these  problems 
after  the  workshop  concludes;  and 

•  solicit  suggestions  and  coiTrents  on  past,  present,  and 
tuturv  Venicular  [nstrunentation/Transducer  Carmittee 
eT‘orrs . 

General  Chairman; 

Join  T.  Ach 

W’-iynt  Research  ind  [ievelopnent  Cecrer,  '.^CC/nGGA 
Wr' ijiTt-Patterson  .flfB  OH  4S4Ij-6b2’3 
(bl3)  P5&-5230 
(AtirWON)  785-62IJU 

PROGRAM 

KN»Y,  JUC  19,  1989 

MX)  Social  Hour,  at  the  Cocoa  Beach  Hilton,  courtesy 
of  the  Vehicular  ’nstrnientation/TransJucer 
CiT"'ti,ee 

AM  a^'cendees  ^Irimc'f 

TUESnAY,  ,llfC  20,  1980 

0730  ‘■V'ji  strut  ion 

iBI)  JIHN  il  rji'liPan 

ibtn  f  nans  due  e"  Wirkcrm),- 

w'looie;  I- cjrem  -.i.jCk;  cni  :Hissile  Test  Ce-iter 

Rt^iresefita.i  ^e 

Intpxjjct  inns;  i  C.A)''  -Ail'' 

Chai'TTian  Vc'iioul'-'-  Insti 'jitntation/Transduc.er 
C  nrr.it  tee  RCl/r^, 

IBIb  Session  1:  Cal  i  brat  ion  Technit^jes 
rnaiimn;  RIOWD  TAIAWJGE 
Wngh^,  Resoapii  am  Develotnmt  Center 
.  ior  ha  i  man ;  r' .  liARVE  i' 

'J.S.  Amiy  Yuma  PiTjving  Ground 

•  ■^vo  Wine  Autunatic  Rorote  Sinsing  and  Evaluation 
SysUm" 

EM  and  L£H("'  bATI  :' 

fiaval  Slop  Weapon  Systems  Engineering  Station 

•  "Evaluation  of  a  Digital  Dead  Vei^  Tester”, 
J.R.  MKIEJI 

'.S.  Army  TMJE  ‘jo(HX)  i  Group 


•  "DEvelopBent  of  Prototype  Systan  for  the  Infulse 
Calibration  of  Hicroobmes’ 

DAVID  L.  MUIMJE'l  ' 

Day^i-on  Scientifir,  Inc.  .ind 

RIQWD  C.  TAMAEY^ 

Wr  ight  Resca'^sh  .nyi  Des'dloprent  Center 

1015  Break 

•  “Concurrent  AixeleroBEiter  Calibration  Util i ring 
Itigid  Bafy  Assumptions” 

MICHAEL  J.  LA^LY 
University  of  At  innati 

•  “Coniarison  of  Wide  Band  Back-to-Back  and 
Interforaaetrir,  ’/ibration  Transducer  Calibration” 
TITOEN  R.  LICH'  ina  E.RfiST  ‘.OiONTMAL 

Bruel  S  I'oaer  Instrjnerts.  Inc. 

•  “Large  Hi^  Explosnv  Driven  Flyer  Plate  iechnit^ 

for  the  Calibration  of  Soil  Stress  and  Motion 

Instrumentation” 

JOSEPH  0.  RENICX  and  GCRDON  H.  GOOUEELLUW 
Air  Force  Weapons  aboratory 

•  “Performance  Evaluation  of  Pie2Delectric 
Accelerometers  'ising  a  FFT  Based  Vibration 
Transducer  Calibratim  Systan”,  mini  paper 
ERNST  SCHUNTHAL  and  EUfiiJEN  R,  LlCHl 

Bn/al  /i  iSpif'  instnjivjits ,  Inc. 

1200  UJNm 

ITX  Session  2:  Applications 

Chdirman:  f-WTHA  P.  WILLIS 
Roclcwell/Rdclcetdy'ie  Division 
Cochaiiman:  PLTIJ  <.  STEIN 
Stein  Enyincerirv;  Sei^ices,  Ix. 

•  “An  Increased  Accuracy,  Dual  Channel  Teleietry 
Accelerometer" 

ROBERT  HAP 'mi  .ind  RCBt  kT  (y\TDiQ. 

Cnl'jitna  Research  L3l'''rairr'“s,  Inc. 
f  "A  Micro»«ve  Transdeer  for  hfeasiring  Piston  and 
and  Projectile  Velocities  in  a  T»o- Stage  Ligfrt-fias 

(in” 

LLCIEN  NAPPERT 

iJefeixe  Research  [srab' istmert  Valcanicr  Natiawl 
Defence,  Canado 

t  “Built-in  Hpchanical  Filter  in  a  Shock 
Accelerometer” 

ANTHUt.G'  S.  CHU 
Eidevco  Corp. 

•  "A  ’’ressure  Transckjar  to  Ftasure  Blast- Induced 
Poria«rpr  Pressure  in  Water  Saturated  Soil", 

min  I  paper 

DR.  ’WArrf.  A.  OV«LlE 

Co  11)1  ado  'Hate  ijniversuy 

1515  Break 


XI 


•  “Difficulties/Raredies  in  Pressire  NactsireKnts 
With  oieaoresistive  Sensors" 

STEVEN  NIOLESS  and  R.  MWilC 
!-loneywell  S'>'na  Sta^e  Electronics 

•  "Tlie  PVF2  PieBoelectric  Polyner  Shock  Stress 
Sensor  —  Sane  Techm(|cs  for  Application  Under 
Field  Test  Conditiai" 

K. ?.  REED  and  J.I.  GREEfUJLL 
S<L,v-'?  National  Laboratories 

•  “Pieaaelectric  Polyner  Shock  Gua  e  Applicatii/is' 

L. M.  lEE 

<.TE<>I  Corporation 

•  “Selecced  Time  Histones  and  Power  Specti'al 

[tensities  ot  Erwirorwental  Data  Taken  on  the  Siart 
Radar  at  the  Amy  Proving  Yuna,  Ajiaona 

Dunmj  HarrTi  IDB8“  ,  11101  papfrr 

WESu:/  PkLSiXi 

Naval  snip  Weapon  Sptteas  Ervjioepnng  Statuxi 

kCDICSDAY,  Jlft  ?1,  1909 

0830  Session  3:  Tutonals 

Chairnian  Ri^iERT  WHITTIER 
Enoevco 

Cocfuinrde;  lJU<riiCr  M,  SIRES 
Ndvil  Weapons  Center 

•  “Groiwliny  aa.  Shielding  for  Instrunentation 
Systans" 

CIjRlON  l£AN 

TatifK  Instnj:»5"vf 

•  'TDyrvsmc  Medsuranents  Are  Selckm  Routine* 

JIM  LALY 

PC&  ' ’r.'jtnjnics ,  Ine . 

1030  Break 

•  “The  Suxessful  Engineering  ot  Haasurawit 
Sysuj®“ 

ni.  PATRICK  WTbi 
Sandia  National  Laboratories 

1200  Inch 

1300  Tour  of  Space  Center 

1830  No-Host  Social  Hour  at  Hotel 

1930  Bantfjet  at  Hotel 

THURfflAY,  JlfC  22.  1909 

0830  Session  4;  Data  /Vcguisition 

Cbdirman;  WILLIWT  M.  9HAY 
Lawrence  Livemore  National  I  aboratory 
Cixridin.an:  MF.LTiJN  A.  iLATCH 
EG  &  G/EM. 


•  "A  Conpucer  Prograrauble  TransAicer  Kicro  Circuit 

RICHARD  0.  TALM6DGE 

Wngnt  Rrsearrn  and  Dt'veiopment  Cent^'-  and 
KfMCTH  APPLEY 
Vibra-Metrics,  Inc. 

•  “A  toDte  Sensor/Cable  Identifier" 

WILLIAM  H.  ALCREHS  JR.  and  STEVEN  P.  BAkER 

Kidge  ‘  ional  Laboratory 

•  “Voice  Activateo  Hot  Hic.“ 

S!Df€Y  R.  JUf€S  Jr. 

Naval  Air  Test  Center 

•  "Ii^jronng  the  Response  Twc  and  Accuracy  of 
Transient  Themal  MeasuranEnts  in  Live  Fire  testing 
(LFT)“,  mini  paper 

JAFtS  G.  FALOd 

L'.S.  Army  Ab^iOt'en  P^xivinq  Grouna 

lOlS  Break 

•  "A  Very  Wide  Dynairic  Range  Data  Acc^iisition 
Systeirf* 

)ACX  R.  CARREL 
Inc. 

•  “Shock  Response  of  Second  Order  C^naiiical 
Systais" 

DR.  ARTICaO 

Schaevitz  Engineering  and  Rutgers  -Jnivnrsity 

•  "In  Scarrh  of  More  Output  —  Two  Strain  Caoe 
Bridge  Circuits  Revisited" 

ROGER  fflYE  and  JOHN  KALNOWSKI 
EGSG,  Inc. 

•  "The  S-npliny  Cnterion:  you  Don't  Always 

Have  To  Cbey  It,  But  iiien  You  Oo,  It's  Vkrse  Daan 
You  Think!",  mmipapor 

PLrER  STEIN 

Stem  Engineering  Services,  Inc. 
ra)  Luth 

1330  ikap  141  Sission 

GFNEM,  llfTHmTION 

This  Fifteprith  T'ansducer  Workshop  vri'l  be  held  JiJ  -  22 
■  ir  ■  1969  at  the  C'X.ki  t^^^r1ch  niiton  in  Cxoa  E^‘Xh,  Florida, 
'x  hostinu  agevicy  is  iLie  Eastern  Space  and  Missile  Center, 
Patrick  AFB  FL. 

Regnstration 

The  registratixi  .onsists  of  a  completed  xgistration 
♦"''in,  a  wruten  "Hjrphy'sri"  and  a  tee  of  feD.(l)  'payalGe  in 
dhvdxe  or  at  the  axr ) . 


A  “Hjrphyism"  can  de'cntae  any  measurement  attempt  that 
v«nt  astray  with  the  objective  of  learning  from  our  errors 
and  keeping  otjr  feet  on  the  ground.  It  should  be  sonething 
generic  rather  than  caimon  human  oversight;  something  from 
*#iich  we  car  learn.  1716  tone  should  be  anonymous  to  not 
ajbarrass  a.iy  person,  organization,  or  company.  4iile  a 
"Hjrpivism''  is  not  a  mandatory  requirement,  siiJnissions  are 
strongly  encouraged,  and  the  best  will  be  included  in  the 
program. 

Advance  registration  is  desirable.  Please  use  the 
enclosed  registration  form,  include  a  check  or  money  order 
for  SaOuU  pay^le  to  the  Fifteenth  Transducer  Workshop,  and 
mail  to  tne  Worksnop  Registration  Chairman  by  26  l^y  1989. 
(Note;  Purchase  oroers  are  not  acceptaole.) 

Hotel  Accannodations 

The  official  hotel  for  the  Workshop  is  the  Cocoa  Beach 
Hilton,  1560  North  Atlantic  Avenue,  Cocoa  Beach,  Florida 
32931.  A  ^ixed  block  of  rooms  has  been  reserved  at  the 
special  rates  itidicated  on  the  enclosed  hotel  registration 
card.  Early  hotel  reservations  are  strongly  encouraged. 
Hotel  registrations  must  be  received  by  26  May  1989. 

No  formal  program  will  be  provided  for  spouses  or 
guests;  however,  they  will  be  most  welcome  at  the  Social 
Hour  on  Monday  and  the  banquet  on  Wednesday  ($20.00 
additional  per  guest  for  the  dinner).  Note:  Final  coirt 
for  the  banquet  must  be  known  by  11:00  ajm.,  20  June  1989. 

Tour-Usdnesday  Afternoon 

A  tour  of  the  Space  Center  is  planned  for  Wednesday,  21 
Jtre  1989.  Please  indicate  on  the  registration  form  if  you 
will  be  accompanied  by  guests  so  that  adequate 
transportation  may  be  provided. 

Fonut  and  Backgroml 

Workshops  are  just  what  the  name  implies!  Everyone 
should  come  prepared  to  contribute  something  from  his 
knowledge  and  experience.  In  a  workshop,  the  attendees 
become  the  program  in  the  sense  that  the  extent  and 
enthusiasm  of  their  'larticipation  determines  the  success  of 
the  workshop. 

Participants  will  have  the  opportunity  to  hear  yhac 
their  colleagues  nave  been  doing  and  how  it  went;  to 
explore  areas  of  common  interest  and  common  problems;  to 
offer  ideas  and  suggestions  about  what  is  needed  in 
transducers,  techniques,  and  applications.  Several 
instrumentation  experts  have  been  invited  to  give 
presentations 


Additional  Infomtlon 

ftoy  be  obtained  from  the  General  Chairman  or, 

Coarittee  Otairaan  and  Untshop  Treasire- 
L£R0y  BATES 
NSUSES  CODE  41% 

Port  Hueneme  CA  93043-5007 
(805)  964-0445,  Ext  7568 
(AJKVON)  360-0445,  Ext  7568 

Facilities  and  Registration  Chalmn 

RICHARD  T.  HASBROUOC 

La^lrence  Livermore  National  Laboratory 

P3j.  Box  808,  L-154 

Livermore,  CA  94550 

(415)  422-1256 

FTS  532-1256 

Paper  Otalnen 

RAYMDK)  FAULSnCH 
c/o  Naval  Air  Test  Center 
Range  Directorate,  Bldg  1492 
Patuxent  River,  fC  20670-5304 
(301)  863-1567 
(Al/TOVDN)  356-1567 


xi  i  i 
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Ach,  John 
WRDC/FIBGA 

Wright-Patterson  AFB,  OH  45385-6553 
(513)  255-5200 

Appley,  Kenneth 
Vibra-Metrics ,  Inc. 

1014  Sherman  Ave. 

Hamden,  CT  06514 
(203)  288-6158 

Banks,  Daniel 
Naval  Weapons  Center 
Code  3292 

China  Lake,  CA  93555 

Bates,  LeRoy 
NSWSES 
Code  4R13 

Port  Hueneme,  CA  93043-5007 
(805)  984-0445 

Billia,  Richard 

Lawrence  Livermore  National  Labs. 
P.O.  Bex  808,  M/S  L-113 
Livermore,  CA  94550 
(415)  423-3400 

Budenstein,  David 
3246  Test  Wing/TFES-1 
Bldg.  100 

Eglin  AFB,  FL  32542 
(904)  882-2997 

Amos,  Arcliie 
6521  RANS/RE 

Edwards  AFB,  CA  93523-5000 
(805)  277-2785 

Baker,  Steven 

Oak  Ridge  National  Laboratory 
P.O.  Box  2009 
Oak  Ridge,  TN  37831-8066 
(615)  574-5687 

Bartlett,  Gary 
Naval  Weapons  Center 
Code  3143 

China  Lake,  CA  93555 
(619)  939-5942 


OF  ATTENDEES 


Bean,  Vern 

National  Bureau  of  Standards 
A55  MET 

Gaithersburg,  MD  20899 
(301)  975-4830 

Brady,  Leo 

Sandia  National  Laboratories 
P.O.  Box  238 
Mercury,  NV  89023 
(702)  295-3928 

Bullock,  Charles 
Aberdeen  Proving  Ground 
Ballistic  Research  Lab. 

ATTN:  SLCRR-IB-B 
Aberdeen,  MD  21005-5066 
(301)  278-4616 

Cardwell,  William 
General  Electric  Company 
1  Neumann  Way,  M/S  E-44 
Cincinnati,  OH  45215 
(513)  243-9363 

Charlie,  Wayne 
Colorado  State  University 
Dept,  of  Civil  Engineering 
AF  Eng.  Service  Center 
Fort  Collins,  CO  80523 
(303)  491-5048 

Cooley,  William 
Endevco  Inc. 

Suite  304A 

1849  Old  Bayshore  Hwy 
Burlingame,  CA  94010 
(415)  697-9887 

Dahl,  Ernest 
NSWSES 

Port  Huenueme,  CA  93043 
(805)  982-3151 

Doretti,  William 
Pratt  &  Whitney  Aircraft  Group 
P.O.  Box  109600,  M/S  731-64 
West  Palm  Beach,  FL  33410-9600 
(407)  796-3015 


XIV 


Carrell,  Jack 

EG4G  Energy  Measurements,  Inc. 
P.O.  Box  1912,  M/S  S-05 
Las  Vegas,  NV  89125 
(702)  295-2928 

Chu,  Anthony 
Endevco,  Inc. 

30700  Rancho  Viejo  Road 
San  Juan  Capistrano,  CA  92675 
(714)  493-8181 

Crounse,  Dave 
AFFTC 

6510  Test  Wing/TSID 
Edwards  AFB,  CA  93523-5000 
(805)  277-2976 

Dean,  Gordon 
Pacific  Instruments 
215  Mason  Circle 
Concord,  CA  94520 
(415)  827-9010 

Duda,  Leonard 

Sandia  National  Laboratories 
P.O.  Box  5800,  Org.  7116 
Albuquerque,  NM  87185 
(505)  844-1570 

Faller,  Dr.  James 

U.S.  Army  Combat  Systems  Test  Act 

317  Wilson  Road 

Newark,  DE  19711 

(301)  278-4461 

Faulstich,  Raymond 
Naval  Air  Test  Center 
Range  Directorate  AID  (RDCC) 
Patuxent  River,  MD  20670-5304 
(301)  863-1567 

Gates,  John 
Boeing  Aerospace  -  KSC 
2907  N.  Indian  River  Road 
Cocoa,  FL  32922 
(407)  867-3475 

Gilcrease,  Billy 
Boeing  Commercial  Airplanes 
P.O.  Box  3707,  M/S  47-06 
Seattle,  WA  98124 
(206)  655-8582 


Goodfellow,  Gordon 
Weapons  Laboratory  WL/NTEDS 
Kirkland  AFB,  NM  87117 
(505)  846-7204 

Greenwoll,  James 
Sandia  National  Laboratories 
P.O.  Box  5800,  Org.  7116 
Albuquerque,  NM  87185 
(505)  844-8993 

Harvey,  Robert 

U.S.  Army  Yuma  Proving  Ground 

STEYO-MT-TE-T 

Yuma,  AZ  85365 

Hatch,  Melton 

EG&G  Energy  Measurements,  Inc. 
P.O.  Box  9051,  M/S  A-5 
Pleasanton,  CA  94566 
(415)  847-1371 

Gates,  Robert 
Boeing  -  KSC 
BAO  -  FA56 

Kennedy  Space  Center,  FL  32899 
(407)  867-3475 

Gillingham,  Fred 
Pacific  Missile  Test  Center 
Point  Mugu,  CA  93042 
(805)  989-8644 

Granath,  Ben 

PCB  Piezotronics,  Inc. 

3425  Walden  Ave. 

Depew,  NY  14043 
(716)  684-0001 

Hartzell,  Robert 
Columbia  Research  Labs 
Woodlyn,  PA  19094 
(215)  872-3900 

Hasbrouck,  Richard 
Lawrence  Livermore  National  Labs 
P.O.  Box  808,  M/S  L-154 
Livermore,  CA  94550 
(415)  422-1256 

Zhu,  Hongsheng 
VAMC  Rehab 
Muwauk,  WI 


XV 


Henry,  Dennis 

Physical  Science  Laboratory 
New  Mexico  State  University 
P.O.  Box  30002 
Las  Cruces,  NM  88003 
(505)  522-9225 

Hoge,  Larry 

Pacific  Missile  Test  Center 
Code  T063,  Bldg.  362 
Point  Mugu,  CA  930^2 
(805)  989-8644 

Johnson,  Thomas 
Naval  Ordnance  Station 
Code  3410N 

Indian  Head,  MD  20540-5000 
(301)  743-4153 

Judd,  John 
Vibra-Metri :3 
1014  Sherman  Ave. 

Hamden,  CT  06514 
(203)  288-6158 

Klingaman,  Kenneth 
U.S.  Army  ARDEC 
Picatinny  Arsenal,  B-382 
Dover,  NJ  07840 
(201)  724-4531 

Krizan,  Richard 
ESMC/DVEC 

Patrick  AFB,  FL  32937 
(407)  494-5107 

Kuehn,  Stephen 

Sandia  National  Laboratories 
P.O.  Box  5800,  Org.  2543 
Albuquerque,  NM  87185-5800 
(505)  846-7449 

Hueckel,  John 

Pacific  Instruments,  Inc. 

215  Mason  Circle 
Concord,  CA  94520 
(415)  827-9010 

Jones,  Sidney 
Navy  (RDCB) 

P.O.  Box  320 

Patuxent  River,  MD  20670 


Kalinowski,  John 

EG&G  Energy  Measurements,  Inc. 

P.O.  Box  9051 ,  M/S  A-5 

Pleasanton,  CA  94566 

(415)  847-1355 

Kramer,  Don 

Pacific  Missile  Test  Center 
Code  lObi,  Bldg  362 
Point  Mugu,  CA  93042 
(805)  989-8644 

Kubler,  John 

Kistler  Instrument  Corporation 
75  John  Glenn  Drive 
Amherst,  NY  14120 
(716)  691-5100 

Lally,  James 

PCB  Piezotronics ,  Inc. 

3425  Walden  Ave. 

Depew,  NY  14043 
(716)  684-0001 

Lally,  Michael 

PCB  Piezotronics,  Inc. 

3425  Walden  Ave. 

Depew,  NY  14043 
(716)  648-0001 

Leisher,  William 
Sandia  National  Laboratories 
P.O.  Box  5800,  Org.  7241 
Albuquerque,  NM  87185-5800 
(505)  844-2755 

Mentzer,  James 
3246  Test  Wing/TFES 
Bldg  100 

Eglin  AFB,  FL  32542 
(904)  882-2995 

Miller,  Jim 

U.S.  Army  TMDE  Support  Group 
AMXTM  -  DP 
Redstone  Arsenal 
Huntsville,  AL  35898 

Mullendore,  David 
Dayton  Scientific,  Inc. 

92  Westpark  Court 
Dayton,  OH  45459 
(513)  433-9600 
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Nicholson,  Rickey 

Vitro  Technical  Services,  Inc. 

P.O.  Box  1898 

Eglin  AFB,  FL  32542-1898 

(904)  882-5188 

Lee,  Larry 
Ktech  Corp. 

90i  Pennsylvania  N.E. 

Albuquerque,  NM  87110 
(505)  268-3379 

Lyman,  Charles 

Endevco 
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TWARSES-TWO  WIRE  AUTOMATIC  REMOTE  SENSING  AND  EVALUATION  SYSTEM 
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Port  Hueneme,  CA  33043-5007 


ABSTRACT 

This  pape''  discusses  an  Automatic  Monitoring 
System  (AMS)  which  provides  sensing  and 
monitoring  capability  to  indicate  the  conditions 
at  any  number  of  sensors  at  remote  location 
using  a  common  2  wires  v.'hich  '.'"iquely  provides 
sensor  power,  sensor  identification  and  sensor 
performance  evaluation.  The  system  consists  of 
a  Scanner  Display  Panel  Module  (SDPM)  panel  and 
up  to  144  individual  transponders  connected  by  a 
two-conductor  signal  bus.  Depending  on  the 
'■C"'^ig">"3tion  up  to  eight  transducer  parameters 
can  be  measured  at  each  location  and  monitored 
at  the  SDPM.  The  AMS  includes  Micro  Processer 
Based  SDPM  which  is  located  remotely  from  the 
transponder  module  and  its  associated  transducer. 
Capability  is  available  to  monitor  up  to  1152 
transducer  sensors  utilizing  a  frequency-shift- 
keyed  signal  to  sequentially  interrogate  each 
individual  transponder  and  using  FM  modulated 
tone  responses  to  transmit  data  back  to  the 
monitoring  module.  A  display  panel  provides  an 
LED  cell -fault  matrix  that  indicates  transducer 
status  and  alarm  when  an  out-of-tolerance 
condition  exists.  Specific  sensor  parameter 
values  may  be  displayed  for  any  selected 
individual  location  with  the  out-of-to1 erance 
parameter  identified.  The  built-in  printer 
provides  capability  for  hard  copy  location 
parameters . 

SYSTEM  DESCRIPTION  -  AUTOMATIC  MONITORING  SYSTEM 

The  Automatic  Monitoring  System  (AMS),  Figure  1, 
provides  sensing  and  monitoring  capabilities 
to  indicate  sensor  conditions  for  any  type  data 
where  a  sensor  (either  passive  or  active)  can 
be  installed.  The  capability  to  monitor  any 
number  of  sensor  utilizing  a  Frequency-Shift- 
Keyed  signal  to  sequentially  interrogate  each 
individual  location.  Modulated  tone  responses 
(FM)  transmit  data  back,  including  out-of¬ 
tolerance  responses.  The  system  consists  of  a 
SDPM,  Figure  ?,  and  individual  transponder 
connected  by  a  two-conductor  signal  bus.  The 
SDPM  is  remotely  located  from  where  the 
transponder  probes  are  installed.  Location  of 
sensors  depending  on  the  measurement 
configuration,  up  to  eight  parameters  can  be 
measured  at  each  location  and  monitored  at  the 


SDPM. 

The  SDPM  panel  display  provides  and  LED  cell-fault 
matrix.  Figure  3,  that  indicates  an  out-of- 
tolerance  condition  at  any  location.  Specific 
parameter  values  may  be  displayed  for  any  selected 
individual  location,  with  the  out-of-tolerance 
parameter  identified. 

A  built-in-printer  provides  capability  for  hard 
copy  of  transponder/location  parameters. 

SCANNER/DISPLAY/PRINTER  MODULE 

a.  Converts  line  voltage  to  the  required  DC  voltages 
for  the  data  processing  and  display  functions. 

b.  Sequentially  interrogates  each  separate 
transponder,  one  transponder  for  up  to  eight 
sensors . 

c.  Compares  the  averaged  data  received  from  the 
transponders  against  established  limits  and 
initiates  an  alarm  if  the  limits  are  out  of 
sped  fications . 

d.  Displays  selected  parameters  and  alarm 
indicators. 

e.  Prints  out  data  parameters  automatically  or  on 
command  including  date  and  time  of  day. 

The  front  panel  of  the  SDPM  contains  a  combined 
power  ON/OFF  switch.  Display  matrix  for  all 
location  and  Industrial  Readout  from  any  location. 
Printer  and  key-board  to  change  data  limits  and 
request  print  out  time  and  other  program 
requirement . 

Power  supplies,  telemeter  electronics,  data 
processors,  and  memories  are  contained  within  he 
metal  case.  Three  connectors  provide  interfaces 
for  power,  signal  bus,  and  remote  output 
including  RS-232. 

The  display.  Figure  4,  provides  both  fault 
monitoring  and  individual  location  monitoring  with 
built-in  test  validation.  If  one  or  more 
individual  cell's  parameters  are  out-of-tolerance, 
and  LED  will  be  illuminated  in  all-cell  matrix 
display.  At  the  same  time,  a  parameter  fault  light 
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will  be  1 1 1 umi nd ^ed  in  the  single  location 
display  along  with  indication  of  the  number  of 
the  location  being  monitored  and  the  parameter 
values  for  the  sensors  at  each  cell  with  the  fault 
indicating  the  specific  fault. 

The  built  in  printer  can  be  commanded  to  print 
parameters  for  all  location  or  on’y  the  selected 
location  being  monitored  on  the  single  location 
display.  Print  can  also  be  programmed  for 
periodic  readout  and  for  automatic  readout  at  the 
time  of  a  fault  determ  ■  na  t  i  on  .  a  pl  ag  and 
interface  is  provided  :or  RS-.il2  bu'S  to  use  ei'.her 
a  modem  or  computer  interface. 

TR^NSPONDEP  SENSOR  MOSS:  E  GENERAL  SjESCkl  PTION 

The  Individual  Trarsponaer  Sensor  Modules  and  the 
central  unit  .f  the  system  aiu-  i.or.nected  by  a 
2-wire  signal  bus.  The  "ranspruder  Sensor  Modules 
are  wired  in  oarallel  "n  bir:  ,  Ciimmu'.  i  ca  t  ion 
between  the  central  ir:ir  and  1’ ausuonder 
Semor  Mcduies  is  'one  a' cc  r-i  a  rv.le  that 

is  repeate.:  at  regi'a'  intrivalt.  "hi-  m-.y-lut,, 
shown  in  Tigurt  '. 

During  a  Cirriun  i  c  j  *  i  on  i  .^c  '  e  ,  tie  iidividual 
Transpender  '’ens.o'  Me.  ilns  are  segi-ent  ia’ 1  v 
activa'i-.i  a"':!  i  n  t  =  r.  t  pg  [.,■  I'lejns  f  a  ireguency 
-  sh  i  f  t- 1  e  yf  1  si'inal  in  lorecated  by  the 

central  ur;L.  fact  * i' i lo  n  ;,■>•  Sennoi  •■‘■.dale 
responds  1  unigue  riid'-ess  us  jeiectr!  by  prese' 
switches.  Ice  e  rro,..)  f  e  co'-n,.ird  is  f..rmattci  by 
the  ceritra’  ,rii*  int,,  he'wcnii  ,.i£  .ng 

125  E:;.’  sepo.-!''-  ^  'yp  f  ;'.r.iv '  ;es  '.he 

clociinu  -.1,*  L  •  I  i- ■;  O'  ...  .11  )("■  ■■p..,.  ■•'-.L.ip. 

■’’Lr  125  >0,  I  .  i  I'-i  '  'n.:--.  .V  •  !  fO;*  11;  i  .  N-S 

an  i  den '.  i '  ra  1. 1  ,■  n  i!!rt-ns,  .oi'.j  pdiornetor 
reouen*,  a  d.lti  imniii  r  regies',  an!  j  r.’ani 
time  periol  f.jr  ret  e'  -ind  Iit.i. 

The  data  f'  -jm  t  ’e  1  cansp-  r  g.,  Mopjle  is 

sent  tad  to  ftp  i.ertmal  .i,’'-.  a  t'aeg„ency 
ITIIOJ  i  I  1  ted  siinii  o.  H,p  .-an  ;p  -5  (■  o 

Lev' hn  i  c.i '  '  n't *  o' a  i  i  or  s ,  lO'p.  ’■  1  p  p  i  ..n  ,  a"': 
operating  ins'ric'ir  ,  for  rr.p  cen'r.il  .mit  arc 
nrcvidel  in  .1  seiiarate  mari.a’. 

guAd.  peg' •  a  'r.L'iR  ttc'"'.E  F'“.i.  il'NAi  LESS  “  1  p"  I  ON 

The  "L-i  i  '  .-an:,  po  r  .lor  '-ensir  Mo.dulc  has  a  single 
cicc'ii'  s.,i[  I  .^0*1',  r,.i,  imctional  bVaiVs.  The 
P'jwer,  L.ii-  , i  '  1  .  n  ,  an'  ri.'ito'l  Eloci.  Cc'nsists 
of  a  modjlc,  ii.'rej',  'clecfic'.  'twitches,  bus 
iso’atio'i  t  r,i  nn  fio  rc  p’- ,  ani  connector.  The 
Measu’'C'iipnT  gi  k  'is’s  ..f  1  rolalive  numi-dity 
sens.jr,  *  emper  ,  t  , 0,0  .  ,,e  !,-,w  power  signal 

cord  i  t  i  I  on  1  rg  e  ’  ec  *  non  1  c.  s  for  biith  sensors.  Figure 
6  s*'Ows  t'l'O  fun,,  t  i  ona  1  diagram  .of  the  module. 

P'lwer,  Co'iiinuri  I  c  a  I  i.in  ,  and  f,ontr..l  Block 

a.  The  ru'lulc  1  n '  C'ira  t  es  the  following  functions 
in  one  Vl.SI  1  h  u. .  nyp  inenming  interrogate 
sign, a!  ,  rS‘  f.’.'l  to  ]  0  is  taken  off 

the  bus  tr.ins ''irmr-r  and  r.-.iitet  to  two  r'ectifiers 
to  produce  'inregu  I  a  tc  t  I"  V.'C.  This  is  used  *0 
load  two  T  T,  Tirr.')  F.ira'i  cap.ac  i  t.srs  that  are 
connected  t,  tiip  mn!i..,le.  These  ca p.-ic i  tors 
provide  the  em- j,  rer^ijiie,'  hy  the  module  ite't 


and  by  ttie  conditioning  electronics  circuit. 

Curing  the  time  that  the  interrogate  command  is  off, 
the  capacitor  voltage  decreases  to  approximately  8 
VDC. 

The  incoming  signal  is  also  decoded  and  passed  to 
the  device  address  comparator.  If  the  address 
corresponds  to  the  code  preset  on  the  TP-129 
switches,  tne  module  activates  a  regulated  6  VDC/2 
mA  output  tc  power  the  conditioning  electronics. 

The  activation  time  depends  on  the  instructions 
coded  in  the  interrogate  signal,  'he  module  has 
eight  inputs  that  can  interface  with  the  voltage 
outputs  (1-T  VDC)  provided  by  one  or  several 
conditioning  electronics.  In  the  case  of  the 
Standard  Missile  Sensor  Module,  only  two  inputs 
are  being  use-i  (humidity  and  temperature). 

The  remaining  six  inputs  are  available  on  the 
connector  for  future  'use.  During  a  communication 
cycle,  data  from  the  eight  inputs  is  sequentially 
transmitted  back  to  the  bus  transformer,  according 
to  the  I  nst  r'..c  t  ions  of  i  nterr.iga  te  comnanc*. 

Measure'oent  B1  ,ck 

t.  The  relati'^p  riumidity  sensor  is  a  Rotronic 
tiynpOMER  ''.-■I  capacitive  '-ensur,  [tie  temperature 
sensi'i-  is  a  Teras  Instruments  silicon  sensor 
model  'Li’  I'Drr. 

Ihe  coi'.:  ■!  t  i  uni  no  electronics  circuit  is  powere.l 
wi*_h  tee  r  VT'C  negulated  vul'ane  supplied  by  tiie 
■nodule.  The  circuit  'liraws  a  maximum  of  2  mA .  The 
two  1  inear  DC  voltage  outputs  have  a  range  .-if  l-'< 

V,  (  T-ri'spi.n.d  i  n  j  to  C-l'"^  ‘•'elative  Hum’.'tity  'lRl‘l 
,ind  .111- '28  .le'j.F.  tNe  cii'c.ii*  must  be  powered 

lui'irj  to  j  '-8  'I'SC-o  to  [  ’U-.vIjf,  (  .rTect  output 

si gnal s  . 

HiiMIDl'v  TENSOR  DETTRlP'Io'j 

The  HYGROMFR  h'u"iidity  sensor  is  a  sma'i  h.grostipic 
capacit'.ir  that  modifies  i  t  val.c  as  a  functi  .r  .-.if 
hctii  the  water  vapor  pressure  an.:l  temiier.a  ture  of 
the  environment,  this  permits  direr.*  measurement 
■.■f  relative  humidity  af’er  precise  .mI  i  t.nat  i  np 
'...  f  the  sef.s-cji  with  N,.;  t  i  .-ina  I  Eurp.a,.;  i*  Tttin.jards 
■ING:T''  lef'erenues. 

a.  Sensor  Design.  (lyGROMER  sensors  consist  :f  a 
l.tiin  s*rip  cf  hygroscopic  pol'/mer  enclosed 
hetween  two  iiorous  elpctr,.!es.  'his  'lesign  en.iPles 
'he  inteithange  cf  water  m-lecules  through  !  tn 
surfaces  of  tiie  sensor.  .'Iriier  capacitive  sens  .rs 
use  a  non-porous  or  n.on-i,  ,-gr  .iscop  1  c  S'jhstratp 

that  supports  a  f'ln  film  if  nnl.,'mer  and  .i  set  of 
elecfrndcs.  Decause  of  trjs  substrate,  xater 
molecules  are  essenti.ail,  absorbed  through  uni  v 
one  Surface  of  the  sensor. 

b,  Rcr  f,,.rmance  .  Both  thp  mpe  h.a  n  1  :ui  1  design  of 
the  "YGROMEP  sensors  and  *’e  nature  ,f  the  palymer 
used  in  the  sensors,  provile  faster  arid  more 
uniform  absorption  of  mois'ure  than  in  conventional 
sensors.  Improvement  of  smsr.r  per  f.ormar.c  e  1  ■; 
significant,  espcciallv  a'  higr,  hiii-ili*,.  Even 
when  operated  close  to  condensation  for  huurs,  the 
HYGROMFR  sensors  do  not  show  a  sluggish  response 

or  'creeping  up'  of  the  hi.mi'i'iy  signal.  W'len 
humidity  .cnnii  *  ir.ns  are  re'ucpd,  tcerp  is  no 
re-'iu  i  rpiiient  f.ar  1  recovery  period  to  return  the 


6 


®vii  TraniforMT  ^ 


^70^  10/  I 


Svltchts 

01 


c-  * 


Figure  5 


Uw 

01234967 


Figure  6 


7 


senso  •  to  Its  original  calibration.  As  a 
consegoence ,  sense. r  hysteresis  is  exceptionally 
low  and  this  res.ilts  in  excellent  repeatability 
of  measurements . 

c.  Greater  Durability.  Careful  selection  and 
control  of  the  materials  used  during  manufacturing 
result  in  a  humidity  sensor  t'^a*  resists 
condensa 1 1  .on  as  well  as  a  wide  array  of  industtial 
contaminants.  riimina*;ion  i.'f  ‘he  substrate  used 
in  most  conven t iona 1  capacitive  sensors  also  con¬ 
tributes  to  .j.-eater  sensor  d.jra  hi  1  i  t  y  :  the  film 
of  uol  . Ter  and  tiie  substrate  hjve  very  ■nfferent 
mechanical  c  ha  r.jo  r  pr  i  s  t  i  cs  .and  tend  to  sepa"ate 
.,nder  the  cjiiibined  e'fect  if  repetitive  humidity 
and  temper.! ’■.are  cycles.  In  most  aprl  i  ca  t  ’  ons  , 
tiie  pro;  jG..  te  :  lifetime  if  the  r'YG'.'O.^ir.R  h'lmidity 
sensor'  t-r'seels  I'l  ,/ears. 

■j .  Apo!  i  ca  1 1 'ins  ,  '■“''ative  ‘■■^mijity  is  accuratel  / 
measure-I  ‘'rurn  C  ‘c  lb"'  w  i  Mi  only  one  H^GtOMEP 
sensor,  Ir s ;  r- .coer'i'' s  ai-p  ovaMab'*'  that  operate  at 
extreme  teT.tor'.More;  'M  -tM  *o  ic".  c.c-g.c  at  tiie 
'.ensor.  Advance  '  fii'v  rpr .ji  ■,  :y  permits  use 
in  Jjs','  en  ;  i  r'u  r r  '  ^  'it  e.en  in  'ar'ne 
env  ircnr-innts  .  Jr  a'cMtion,  eac*'  hi'Gr'Or'CP  sersoi' 
is  tj’ly  ercapsu’ ■‘tp-t  i ..  „  me-.branr.e  ‘liter  f.-r 
pr.i  *  ec  1 1 :  ui  i-;,,:in'M  lost  and  .jct  tenta’  .'intact. 

e.  ■empe  ra  t  are  t.  .mpenua  1 1 '.n  f  the  •hjm.'.-i;.- 
Senspr",  fne  pn/sicii  :'i  iiMc  •  ■•.■ri  s  ;  ics  ■■.f  the 
hy grosc opi i c  matet'ii's  '.rlastic  rr  othei'i  uset  in 
a  sensor  t'l  meas  .'"e  humiiity  a''i>  affected  loth  by 
humidity  ri.nd  •'ompera  ture  .  ; 'jre  also 

moMifies  'he  characteristics  ,f  the  water 
"'iJ  ecu'’ (T'l  -rv  i.i'be.'l  ti,,.  j'-m-.-  'censor  response 
•  ‘".imilitv  'S  'lot  the  SiVi'..  lit  all  teiiiperatures . 

As  a  result  the  ac'oiaci  of  a  h:,)..;jity  sensor  is 
affected  ty  tempeiui  •  I,  I  e  to  iti  erttnt  wt'ich  varies 
wi**'  t‘ie  'ev.'l  .if  n'imi',;ity. 

■ton .  en  t  i  ona  1  huiniii'y  meas  .r  i  ng  devices  do  not 
I  no 'irprir-i  to  anv  C'''mnei'S,l '  i  o',  for  the  effect  of 
tempera  tur'e  on  f'o'  ''ur'idMy  s/miSji'.  Errors  as 
idc'ie  ao  n  SH  if  I'lort  ire  ; .  i  te  co.-Mni.-.n  when 
‘  e  p  ■'  1  r  .1  ..  I'.tt'ero  frni:>  ■  .juii,i)  rOTO 


:■  i'f  i',0  sen'v''  me  is  irement  at 
'.■f:"'."’  o,,ri!  l't,  I'l'  t eTper  1  •.'Iff  conditicns, 
an  el.'  ry  rm  t  p-Oii-ora  t  ,  re  onmpf.-nsa  t  ion  is 
ei”pio.e‘.  ‘M-  .  o'lipe  r  sa  *  ion  l.-’i-Ms  the  temperature 

t.  [  ,  r  r  c  '  ■  .  '  ■  1  '■  '  -  ;  oil  ;  ..p.  m,-,  1  ‘  0  e  flip 

*e''’he-''“  ,  '.rn'ie  , , the  '.en'.or. 

*  A.  .  '  1  ''  .’  i  '  *1  ‘-Pt-c.-.r  .r  ,  result  of 

0  ..  0  1  r  a  '  ■ .  I'  I  ,  •  '  1  ,  1  ,  1  ;  ’’t'a  ■  M  .  OyS  ‘  eres  i  S  , 

rPDeit;’  i'i‘<,  M'-npi..'  •li.'e  ''inir  etc. 
lone  >1  Mi  ■  n  '  Or  .'a'  le  .  *  1  an't  -DO  to 

'M  if  ' ,  t  ,  r'l.'is  oaoi"  'jt.i ‘e'lents  mate  for 

iinea'i',,  t  i-p'i  1  ,  .  I'M.  t'o:  1. 1 '  .1  bi  1  i  t  /  ot  tiie 
■  I'/i'.poyi  '  Mo's  I'ri.te  ’  0 -,ri ]  p ; nna  1 

*  e c  ‘  1  ■!  i  , ’i.'.  ‘  ,  ;  o"  t  • :  ■  1  *  ■ .  ■  1  eo  a  '  '  emppr,i  t;, rp  y 

ip  t.,  i  Mi  in  ,  ,  r  r  ,r  i  ‘i.s  c  ir’r'irm  hr '  *i  the 

t  a  nr  e  i  ”  :  •  m  -  '  i  '  ,  '  t  '.p  c, r ; 

'  r  y  nr  '  0  t :  1  i  ■  '  M.c  i  ‘  '  i  ■ 

'*ip  M'ano:  '  ‘Pi  Oen.-.'  t'  'M 1  e  ,  Te/iv 

I  r,  n  t  i  ,  —  p  f.  ‘  u  ,  ■ I'  .  ■  , '  ■  r  •  '  ■  ■  r  ]  O'  ■'  iiM  ■, r-n  .  r  . 


This  sensor  is  signal  condition  to  provide  1-3V 
output  for  AO-lPO  deg.F,  with  a  accuracy  of  n  l.E 
deg.  E,  The  sensor  has  long  term  stability  of  0.6 
deg.F.  ur  better  and  provides  accurate  data 
within  10  seconds. 

CALIBRATION  OF  THE  TRANOnChDER  SENSOR  KODULE 

a.  Factory  Calibration.  Eacti  transponder  sensor 
module  is  carefully  calibrated  both  for  t.imidity 
and  temperature.  Because  of  the  high  sensitivity 
of  rel.ative  humidity  to  temperature,  calibration 
is  done  at  room  conditions  Mat  are  stable  to 
within  0  2  de'|.C.  At  26  deg.  C,  this  provides  an 
accuracy  of  +/-?'  R;1  or  better  over  the  full  range 

f  humidity.  Special  calibration  with  a  stability 
of  0.025  deg.  C  at  temperatures  cl^se  to  26  deg.  C 
is  available.  In  this  case,  accuracy  is  l.i' 
RH  or  better  over  the  full  range  of  humidiM, . 

Ever,  higher  accuracy  can  be  achieved  over  a 
1  imi ted  range . 

b.  FieM  Ca '■  i br.jt  ion  .  'tie  transponder  sensor 
mudule  '.an  be  '.t.al  i  bra  te  i  in  the  fipld  using  a 
hand  tieid  battery  ,.iperaled  ROTROfilD  GT-L  ini'.t.itin 
probe  'or  eg.;  i  va  1  efit )  whiicb  displays  bc;t>- 
temperature  atei  humidity.  t'umidMy  standards, 
caref'.'lv  checked  against  '■FS  re'^erences,  a-'P  used 
tor  rapid  ar:i  accurate  vpr  i  f  i c.i t  i on  of  i  ns' '-.in’en* 
performance .  r.r  tes^  and  caiibra'ion  Durpt.ses, 
'he  cor  !  i  t  i  on  I  r  g  circ'iit  c.in  be  pcmanently 
powered  from  an  extern. il  '■  VDC  reg'ila'ed  voMa  ir 
source.  Two  po tent  1  .nmet er .•  perTit  ad’iS'me'it 

o'"  the  humility  output  signal.  "he  'e'Tera'  .m 
outp'it  15  ad.p.js'ed  wit>  -ne  potp.  '  iume'.' . 

i: .  ji  af)  i  i  i  t  y  .  i  I  ier  s  •  t  n  M  '  i '  ns  ,  ' '  «>  '  -  t.  : 
term  stat'ility  the  unit',  is  t!''‘en  ''.i’-  i 
and  A .  6  deg.F.  '.ver  .a  penol  o'f  i.e  .ei-'. 

SUMMARY  ANl'  CDNCLUSin',' 

'he  iue  .,  f  t'l  IS  a  t '‘,.miii,.n  ’  w  '  . J'l  • 

bus  between  ,i  ceiit'Uii  uni’  an'  ,p  '  1  ■ 'i  li  .  i  .i  ,.i 

M-anspt  nder  sensor  moiuif.'i,  .M'  ;  i  '  ;  ,t.  •'■r.'t  ' 
f'.i  pr.,ividc  remote  Power  a'l  •  t  M.’  :  •'  *a‘.. 

reguiroments  and  rocepf  i  n  ^  si'iM'r  fi  ■  is  iiU'’ 
described  in  this  paper.  "(■  .'  i  .  .i  ’  , 

uses  a  rSh  s  i  gna  1  t'.  ,ic  ’  ; ,  1 M  t  ’ 
transpon'iers  an:  j  voit.,i;e  .  .nM M'j'  ■' 
for  EM  transmission  of  ‘it  :  fn,..*  af'  .t'  .  ■ 

Eac''  remote  transpi.ni'.pr  .n'-M  t  utii'  .  ‘'o 

located  up  t:'.  son  ..p,,,,.,  f,-  r  ,,  ,.i'u->'  ‘t.;’  !. 

unit.  The  svste.ii  nas  ■  a  .  ■  ■  i •  . 

apjtl  ic.'it  inns  'n.t'iijng  •  i  r  ’  nn  i''.'.  '  i'’ 

[monitoring  I,'-'  tiat'f'.  'u  i  '  *  •  u 

parame'ers  per  ce i  '  ,  ‘  '  v  ■  .  ' 

env  i  r  nr'-pyt^l  lirjr't.r  n;,  M  'it*. .a-  :  ’  ‘w 

missile  c-ont  a  i  ner  mnn  i  •  r  l  n  ;  an:  ’  K  .  I  ’  ' 

machinery  mr.n  1 1 -or  i  nu  ,  '  eu'.  r  rv  .''e'.ts  i- 

fessi.r.-,  I’ljmlllt/,  t  (.'[•■<  r.f  ‘  ,  .'tri'i  T, 

Sl'eCi*'-  ..taV'ty,  art  V,;.'..  'M  fTt  r  '  p. 
in  1 r-' p*v  s  scr  ten  ;  i''  **:.  re-'V.',?  , 

‘‘■nr  a  imati  .  ev-il  j.M  '  •  '  *  ’  v  '  ■ 

.1  I  ijr  J  'tuiper  ;  r-  •  .  *  ,*  I  *•,  M'a 

pr-  vi  te  f  f-ir  iefa  •  le  '  .  ,  .  '  .  ‘  ■  ■■  n  ,  i  '  •  •„  ■- 

Ml' :  ;  ■]  t  r !  j  *  T  r  f  •  ,  '  ,  *  *  •  r  '  *  1  ‘  ' 


TWO-WIRE  AUTOMATIC  REMOTE  SENSING  AND  EVALUATION  SYSTEM 


Q:  Steve  Baker  (Oakridge  National  Laboratories):  The  concept  looks 
very  novel,  do  you  have  any  plans  to  commercialize  it  or  get  someone 
to  commercialize  it  in  the  private  sector? 

A:  Ernie  Dahl:  Anybody  that  wants  it  for  the  Navy  or  the  Armed 
Forces  can  do  anything  they  would  like.  The  commercial  use  is  un¬ 
defined  as  yet  because  it  has  so  many  uses.  There  are  companies  in 
the  San  Francisco  area  that  make  the  units  and  have  asked  for  permis¬ 
sion  to  sell  it  commercially.  We  said  yes.  And  they  are  going  to  go 
ahead  with  it,  but  there  is  a  license  involved.  It  has  an  applica¬ 
tion;  a  hotel  with  a  fire  alarm  and  smoke  system;  you  just  put  on  two 
wires  and  run  all  the  data  you  want  from  every  area.  There  are  lots 
of  *'hings  you  can  do  with  it.  It’s  three  to  four  years  old  from  con¬ 
cept  to  the  hardware  you  see  here.  Also  foi  Tomahawk  containers,  a 
meter  is  removed  and  a  gas  sensor  screwed  into  its  place.  One  of 
these  sensors,  by  dispersion  technique,  will  measure  temperature, 
humidity  and  oxygen  inside  the  container.  Those  are  working  now. 
There  are  standard  missile  units  that  measure  humidity  and  tempera¬ 
ture.  So  if  you  push  the  button  that  says  cell  read,  you’ll  see  it 
read  out  all  six  sensors.  Each  time  it  takes  data,  it  reads  out. 

Q;  Roger  Noyes  (EG&G,  Inc.):  You  talked  about  taking  real  time  data 
and  you  talked  about  making  acoustic  measurements.  Can  you  talk  a 
little  bit  about  the  response  time  of  the  system? 

A:  Ernie  Dahl.  When  we  fire  a  missile,  real  time  data  is  data  that 
can  r*ad  off.  The  way  the  oscillograph  is  producing  a  record  it  takes 
a  couple  of  microseconds  or  longer  for  the  data  to  reproduce  on  the 
paper.  That  is  still  real  time  data.  The  way  this  is  set  now  it  can 
be  programmed  any  way,  it  can  be  programmed  so  that  when  something 
goes  wrong  it  immediately  starts  the  alarm  and  does  it,  otherwise 
there  is  a  delay  of  maybe  two  or  three  seconds  in  the  data.  It 
depends  on  how  many  probes  are  used  and  how  the  microprocessor  is  con¬ 
figured.  There’s  a  piece  of  paper  on  the  back  wall.  If  you  look  at 
that,  it  shows  128  cells  reading  out.  It  takes  about  30  seconds  to  do 
the  whole  thing.  The  time  element  is  restricted  by  the  speed  of  the 
printer,  not  by  the  speed  of  the  machine.  That's  why  we’ve  gone  to  a 
new  printer  that  has  five  times  the  speed,  prints  in  both  directions 
and  prints  a  little  more  data.  We’re  talking  about  a  concept.  You 
can  change  it  any  way  you  want  to  get  data. 
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EVALUATION  OF  A  DIGITAL  DEAD-WEIGHT  TESTER 


J.R.  MILLER  III  and  D.  E.  Woodliff 
U.S.  Army  TMDE  Support  Group 
Redstone  Arsenal,  AL  35898-5400 


ABSTRACT 

Evaluation  of  a  commercial ly  available  digital 
dead  weight  tester  is  presented.  This  pneumatic 
instrument,  using  an  electrical  c(yn4monieter ,  has 
been  tested  over  its  range  and  found  to  be  very 
linear.  Several  important  characteristics  were 
tested  such  as  hystersis,  repeatability, 
temperature  effects  and  vibration  sensitivity. 
Direct  dimensional  measurements  of  cross- 
sectional  areas  allowed  comparison  with 
manufacturer's  conversion  constants  which  was 
within  1.9  or  100  ppm. 

I.  INTRODUCTION 

Why  a  digital  dead  weight  tester?  What's  the 
advantage? 

To  answer  these  questions  one  must  be  familiar 
with  dead-weight  testers--they  are  accurate 
standards  for  pressure  measurement;  however, 
they  are  manual  instruments  not  capable  of 
interfacing  to  a  computer. 

Since  use  of  the  computer  is  desired  it  would  be 
good  if  a  dead-weight  tester,  dwt,  did  have  a 
digital  output;  one  has  recently  been 
offered^.  We  have  bought  one  of  these 
instruments  to  see  how  good  it  operates. 

This  paper  will  present  the  results  of  our 
evaluati on. 

A  simplified  description  of  the  instrument  is 
given  in  the  next  section. 

II.  GENERAL  DESIGN 

The  device  uses  precision  piston-cylinders  that 
are  closely  fitting  to  establish  the  cross- 
sectional  area  exposed  to  the  pressure  to  be 
measured.  The  force  caused  by  the  pressure 
acting  on  the  piston  is  measured  by  an 
electronic  dynamometer  (see  Figure  1).  The 
dynamometer  not  only  measures  the  down-ward 
force,  it  also  maintains  the  piston  in  the 
"float"  position.  There  is  a  digital  display  on 
the  front  of  the  device.  A  small  motor  rotates 
the  piston  relative  to  the  cylinder  to  eliminate 


static  friction.  The  device  is  intended  for 
pneumatic  pressure  measurements.  There  were 
two  pressure  ranges  provided.  The  dynamometer 
has  a  full  scale  reading  of  60,000  counts  with 
a  least  reading  of  one  count.  Further  details 
are  given  in  Table  1. 

EQUATION  OF  OPERATION 

Since  the  dead  weight  tester  equation*  is 

P  =  Mg  (l-^a/^)/(Ao  980.665  (HflAT)  (1) 

and  the  dyPAii'ometer  is  simply  a  device  to 
measure  the  force  where 

F  =  Mg  (l-^a/^b)/980.665  (2) 

which  when  applied  produces  a  number  of  counts 
hence 

P/counts=F/(Ao(l-H^)=C/(l+«iT),  psi/count. ( 3) 

Provided  with  the  machine  is  a  set  of  six  1  Kg 
weights,  Class  S2,  very  accurately  known  so 
that  periodic  checks  can  be  made  on  the  force 
measuring  dynamometer. 

III.  EXPERIMENTAL  RESULTS 

A.  LOW  PRESSURE  PISTON-CYLINDER 

Using  values  provided  by  the  manufacturer  we 
compared  the  instrument  (cross  floated)  with  a 
pneumatic  dvt  3905,  P534-{ 21055 ) .  See  Figure 
2.  The  results  were  not  satisfactory.  This 
lead  us  on  a  journey  to  find  out  why  this 
difference.  The  first  thought  was  to  check  the 
dynamometer  more  thoroughly,  i.e.,  check  it 
between  the  1  Kg  points  to  make  sure  it  was 
linear  between  these  points.  To  do  this  we 
used  up  to  77  weight  combinations  using  the  CEC 
weights  and  the  1  Kg  platters.  The  results 
were  fit  to  a  straight  line  using  a  least 
squares  program.  A  plot  of  the  residuals  from 
this  curve  fit  would  then  test  the  lincjrity. 
These  results  are  shown  in  Figures  3  and  4. 
There  is  a  peculiar  pattern  to  some  of  these 
residuals  and  some  are  more  than  <■!  count. 
This  was  not  expected  --  there  was  either 
*  Terms  explained  in  Appendix. 
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TABLE  1.  CHARACTERISTICS  OF  DIGITAL  DEAD-W'EIGHT  TESTER 


Ran^e 

Pressure:  Depends  on  piston-cylinders  (0  to  300  psi,  0  to  45  psi) 

Force:  0  to  6  newtons 

Counts:  0  to  60,000 

o  2 

Piston-cylinder  (SN  269)  A  =  1.96106  an'"  =  0.30396546  in  (manufacturer) 

°  2  2 

Pi.st^n-cvlinder  (SN  3397)  A  =  0.284414  cm  =  0.044084258  in  (manufacturer) 

O  Q 

Temperature  coefficient  of  A^  =  9  ppm/  C 

Piston-cylinder  materials:  Tungsten  carbide 

Piston-cylinder  design:  Re-entrant 

Deformation  coefficient:  Insignificant  (manufacturer) 

A  determination:  Cross-floated  (manufacturer) 

0 

Error  limits  +  (0.005%  F.S.  +  0.005%  of  reading)  (manufacturer) 


Weights: 

Class  2,  true 

mass  values 

(manufacturer) 

TABLE  2. 

PREDICTED  C0L^TS  VTOia'S 

■ACTUAL  COUNTS 

Nomi  nal 

Appdied 

Predicted 

Actual 

Actual-Predicted 

Force 

Force,  lb.. 

Counts 

Counts 

Counts 

1  Ibj. 

1  Ibj.  *  1 

2  Kg 

I 

0.998798 

4535.80 

4536 

0.2 

Kg 

3.201085 

14536.97 

14537 

0.03 

4.404576 

20002.33 

20002 

-0.33 

1  Ibj.  +  2 

3  Kg 

Kg 

5.403374 

24538.14 

24538 

-0.14 

6.606861 

30003.49 

30003 

-0.49 

1  Ib^  +  3 
L  Kg 

Kg 

7.605659 

34539.29 

34539 

-0.29 

8.809148 

4fAA)4.65 

40004 

-0.65 

1  Ibj.  r  4 
3  Kg 

Kg 

9.807946 

4A540.46 

44540 

-0.46 

11.011435 

5CK105.81 

50005 

-0.81 

1  Ibj.  t  3 

t,  Kg 

Kg 

12.010233 

54541.62 

54542 

0.38 

13.21  3727 

60005.98 

60007 

0.02 
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mplified  diagram  of  digital  dwt  during  cross-float. 
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Figure  2.  DH  versus  CEC. 
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Figure  3.  Dynamometer  CAL. 
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Figure  4.  Dynamometer  CAL. 


(5) 


something  wrong  with  the  weight  values  or  the 
analog  to  digital  converter  or  force  transducer 
in  the  dynamometer  was  uni  inear. 

We  designed  a  weighing  sequence  to  see  if  the 
problem  was  the  wei ghts--used  six  1  Kg  weights 
and  find  slope  of  curve,  then  insert  a  weight 
(the  same  weight)  between  each  1  Kg  weight, 
find  the  residuals  and  see  when  the  peculiar 
pattern  developed.  This  idea  also  had  the 
feature  we  could  use  values  for  the  weights 
independent  of  the  calibration  laboratory  since 

Slope,  Acounts/mass  =  Counts/  mass  =  C2- 
Ci/(M2-Mi) 

the  added  weight  would  have  a  systematic  error 
hence  slope  would  be  unaffected. 

Another  way  to  ferret  out  this  problem  was  to 
presume  perfectly  linear  response  and  plot  each 
weights  response--we  tried  both  these  schemes 
but  eventually  used  the  latter. 

An  application  of  six  Kg  mass  (apparent  mass 
.versus  brass,  i.e.,  the  buoyancy  factor  (1-fa 
\b)  has  been  allowed  for)  produces  a  force  of 

M(l-fa/fb)g/980.665  =  M(  l-(‘a/fb)979.626/  (4) 

980.665 

=  13.213727  Ibf 

which  when  placed  on  the  dynamometer  gave  a 
full  scale  reading  of  60,007  counts.  Since  the 
instrument  was  zeroed  with  only  the  weight 
table  on  it  the  slope  of  the  line  through  these 
two  points  gives 

4541.2623  counts/lbf 

Now  using  this  value  one  can  calculate  the 
predicted  counts  for  a  certain  applied  force. 
This  was  done  and  results  are  given  in  Table  2. 

During  this  time  it  was  discovered  several 
problems  in  the  mass  calibration  lab  explained 
some  of  the  problems  with  a  few  of  the  CEC 
weights,  i.e., 

(a)  Some  of  the  weights  were  weighed  on  the 
low  lOT  portion  of  a  scale. 

(b)  The  4  oz  and  0.3  oz  weights  taken  to 
another  scale  showed  a  surprising  disagreement; 
much  larger  than  the  error  limit  quoted — this 
undoubtedly  contributed  to  the  earlier  peculiar 
results. 

Tased  upon  the  very  good  results  given  in  Table 
2,  we  decided  to  repeat  the  entire  pressure 
intercomparison  with  another  better  calibrated 
dwt.  However  before  doing  this  we  decided  to 
do  a  direct  measurement  of  the  diameters  of 
piston  and  cylinder,  calculate  Aq  and  come  up 
with  a  conversion  constant.  Table  3  gives  the 
values  from  which  we  obtain 


Ao=(Ap+Ac)/2  =  0.30396546  in2 

which  is  within  1.9  ppm  of  the  manufacturer 
value.  However  note  that  our  ability  to 
measure  the  dimension  is  10  micro  inches  (=AD) 
hence  since 

Ao  =1YR2=irt2/4 

Mo  (ft72)  QAD  (6) 

Ao  =  9.8  *  10-6  in2 

and  the  difference  in  Aq's  is  1/10  of  this. 
This  means  we  may  have  merely  been  lucky  to 
obtain  agreement  this  close. 

Using  this  value  for  Aq  (at  20OC),  our 
pressure  conversion  constant  is 

2.2020305‘10-A  lbs/0. 30jy649  in2 

=  7  .2443579*10-A  psi/count 

The  manufacturer  gave  a  conversion  constant  of 
7.244086*10-A  psi/count  which  is  different  by 
37.5  ppm--we  do  not  know  why  this  difference. 

Comparing  to  a  Ruska  Dwt  over  the  pressure 
range  0.5  to  15  psi  with  one  piston  and  above 
this  with  another  piston  produces  a  very  good 
agreement  and  is  entirely  satisfactory  (see 
Figure  5).  Note  the  up  and  down  runs  provide  a 
hystersis  test--and  there  doesn't  appear  to  be 
any  hystersis,  to  within  the  resolution.  .  In 
all  these  measurements,  all  known  corrections 
have  been  applied,  air  head,  and  temperature 
corrections  to  each  dwt;  however,  a  constant 
value  for  the  bouyancy  effect  has  been  used. 

Since  the  digital  output  format  (and  connector) 
was  strange  we  never  did  get  the  device 
connected  to  a  computer--al  1  data  was  taken 
manually. 

B.  HIGH  PRESSURE  PISTON-CYLINDER 

The  other  piston-cylinder  goes  up  to  300  psi 
and  has  a  pressure  conversion  constant  of 

4.99505*10-3  psi/counts 

given  by  the  maker. 

Direct  measurements  of  Aq  produces  the  values 
given  in  Table  3,  where  the  agreement  is  not  as 
close  as  the  other  piston,  undoubtedly  limited 
by  our  dimensional  measurement  resolution. 

An  intercomparison  with  the  aforementior,  ed 
Ruska  DWT  produces  the  results  given  in  Figure 
6.  These  values  are  completely  within 
expectations--the  only  notable  thing  is  the 
instrument  is  considerably  more  sensitive  to 
vibration.  By  isolating  and  taking  pains  with 
the  input  pressure  line  vibration  influence  has 
been  minimized. 
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Figure  5.  Cr  ss-float  results,  Ruska 


Figure  6.  High  pressure  cross-float  results. 


Since  this  piston-cylinder  is  oil  lubricated  we 
tried  some  lower  viscosity  oil  and  even  used  it 
with  no  oil  to  reduce  noisy  readings;  however, 
we  discovered  most  of  the  noisy  readings  were 
simply  due  to  vibration  from  the  bench  or  input 
pressure  line. 

TEMPERATURE  EFFECT 

We  tested  the  dynamometer,  with  a  constant 
load  of  4  Kg,  in  an  environmental  chamber  from 
13'^  to  330c  to  see  if  it  was  affected. 
Figure  7  gives  the  results.  It  appears  the 
dynamometer  is  affected  by  these  temperature 
changes  even  though  it  is  supposed  to  be 
independent  of  temperature  change. 
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DEFINITION  OF  TERMS 

P  =  Pressure,  psi 

M  =  Mass,  lbs 

g  =  Local  acceleration  of  gravity, 

^  can/sec2 

Aa  =  Density  of  air,  gam/cm^ 

Vb  =  Density  of  brass,  i.4  gm/cm^ 

Ag  =  Effective  cross-sectional  area  at 
zero  pressure,  in^ 

•JC  =  Temperature  coefficient  of  expansion 
of  piston  cylinder,  parts  per  million 
per  degree  C 

A=  T-R,  temperature  of  use  -  Reference 
temp,  oc 

D  =  Diameter  of  piston  or  cylinder,  in 
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igurp  7.  Lr-  teniperdture  teit 


DEVELOPMENT  OE  A  PROTOTYPE  SYSTEM 
FOR  THE 

IMPULSE  CALIBRATION  OE  MICROPHONES 


D;i\  id  L  .  Mull  pndore 
Virt'  Prcriidenl 
Duytnu  Sc'ipritifu'  Itic. 
iTcivton,  Ohio 


Rich;) I'd  D.  lairntidgi’ 
Spruni  (  leclrooica  I  nqinppr 
Wright  Reotoirch  ;ind 
Development  C'enteM' 

Wr  ight -Pat  teriion  AFB,  I'lhin 


AB^'IRAri 

Current  lerhi  iguco  nC  mu-rophone  nalibratinn  are 
not  readilv  ?ido[)ted  for  ur.e  in  the  field  and  do 
not  produne  data  on  tinlh  frequenrv  and  ph.'ise 
rharar  t  er  1  at  1  en  .  A  new  le.hniqur  wan 
invent  iqated  for  na  1  i l)r a t  i nij  :in rroptinnen  using  a 
pressure  irnpiii  1  i.e ,  wliirh  will  pre.dure  rjilibration 
of  bfjtti  iimplitudn  and  ritiose  arid  w:’l  be  ad.aptable 
to  field  usi ' . 


IMRODDCl  n)\ 

llte  effort  desnribed  wiltiin  ihis  doeument  was 
peiformied  u»  Dayton  ‘inientifir  Inr.  for  the 
St  rurd  III  1  i  \  ihr.it  inn  and  Arouslic’’  Branrh  of  the 
Am  loice  1  ligtit  Dynamins  laboratory,  Wright 
Pillersuri  Air  Fnm-  Base,  under  i  r  Torre 
f'ontiant  I  1 56  I f220.  Hie  Structural 
Vibrat  inn  and  Ac'nust  it  s  Braneti  maintains  a 
f  r'iL.  ilitv  ttuit  praivides  wide-tioid  dvriamir  data 
'll' qi  1 1  ■;  1 1  1  nn  and  analvsis  rapabillty  to  support 
'll  riu'l  Disil  nvn;iiiiii''i  t6"iearrt)  ;ind  Development. 

Ftie''’.e  endeavrjio  requite  an  aerurat  e,  [lurtahle. 
and  simple  (irn  'ed. ire  for  ea  1  ilnait  log  microphones 
and  p.ressuin  t  ransdin  'is  wtiile  fining  used  at 
remnti'  tisi  eifi.;,  duriruj  tiiHd  operations. 

MAHMfM  ff  illf  !ddlBltl-1 

ftii.  t  1’  ■Ii'inioe..;  uer.ilfv  used  tu  ulifain  the 
iiiTip  1  1 !  i e fe  .11"!  pPas  '  vi'isos  fregot'ucv 
I  tia r  an f  e- r  !  : f  les  of  iii  i rofitiunes  aovf  i'lw  firessure 
;  [  ;,r.  sdijri'!  .  involve  r  iins  1  der  ah  I  e  time  and  require 
ev  pf  ”  s  .  V  *  I  s  JO  1  psiei  i  t  .  1  Ml IV  ei  if  I  of  111  1  c.a  1  1  hr  at  1  on 

u'd  tiisd' .  lev'Mvi'  pi't'f'irminq  a  '.eries  of  sine 

it  v.iii'iis  Iir.|.  I  I  i  urte';  over  t  Im  f  ri'guenry 
I  .rirjr  Ilf  nil  SI  ■•'■.t  ,  a  pruni  dun  that  is  generallv 
I...;!  Ill  ted  '  ,1  1  npuriit  Iliv  eliv  1  nilimeill  . 

fnlitirat  leii  of  11' I  f  reiptinr  il's  al  'i  t  e-it  n.  1 1  e  is 
euireiitlv  perfui'nsd  witli  1  p  1  ■  .1  1  inpt.oiii'  at  a 
■ .  1  r  1  q  !  f.-  n o  1  f  I  i  ' ;  l  s r ]  1  • '  '  e v  s  1  .  wl  1 1  r h  r e ' ' 1 1  1  t  • ;  Hi  a 
rtisf  k  of  t  1  an.,.|iii  .  I  i  ut  pul  Iiut  (irnv  ldi"  no 
iidiirmat  ion  i  ■  1 1.  s  s  1 1 1  ni  j  ills  :  i  an  vilunei  t  i  egof'nnv 
or  ptiase  1  s -  jii  H  !■  s  . 

It  wa'i  tlis  purusss  111  I  tie,  >  out  i  .et  in  1 1  it  foil  to 
dsvslu[i  and  valirlats  a  t  ertui  (fjus  '  f  Ill  1  r  I  ■■  ipiini  IS 


calibration  winch  woulrt  uss  a  single  pressure 
impulse  as  the  input  tu  a  microphone  being 
calibrated.  the  response  of  the  minnphone  to 
ttie  pressure  impulse  wutjld  tlien  tie  recorded  and 
Fourier  Iransform  tertmiques  used  to  determine 
the  f  requencv  and  phase  rtiararter  i  st  irs  of  the 
microptiono.  If  surcessf  u  1 ,  this  technique  cuulri 
he  implemented  witti  relatively  inexpensive 
h.'irdware,  it  would  be  'iimt  le  tn  ad.apt  to  field 
use,  and  the  rnlibration  could  be  performed 
C|llick  I  y  . 

Ihe  primary  performance  ijnals  of  the  Impulse 
Calibration  Unit  were  .is  follows: 

Bandwidth:  ID  Bert/  In  ';0nn  Bert/ 

Accuracy:  + D.'i  dB 

Amplitude  Range:  tn  170  dB  Bound  t'ressure 
I  f'\  e  I  .  SPL  i' 

Repeatability  nf  Calibration:  (J.'i  dB  SPL 


DtvriOPMFM  PROGRAM 

Design  of  the  Prototype  Impulr.e  Calibration 
Hardware 

Ine  initial  woik  on  wliich  this  investigation  is 
liased  was  conducted  by  tlm  Structural  \ibration 
and  Aeiiust  ICG  Brandi  nf  ttie  f  1  iqht  Dynamics 
laboratory,  WPAFB,  OhM.  the  general  ;i|)pr'oarh 
was  to  rre.ate  a  pressuis  impulse  within  a  closed 
rvlinder,  into  one  entl  nf  ..oirh  is  plarerl  the 
micro(ihone  tri  be  ca  1  i br.il  f'd  .  The  microphone 
output,  in  response  to  the  impulse  input,  is  then 
analy/‘'d  using  transform  techniques  to  obtain  the 
f  regui'nev  anil  ptiase  response  of  the  mo  rophone.  A 
referf'ricf-  mirriiTihnni'  wlvi  .i  fiecpjc'K  v 
charact  er  isl  les  are  known  is  also  placed  in  1 1  ,c 
ev  1  inner. 

Ihe  pressure  impulse  o.  i  ri’ated  bv  striking  .a 
^ius[)end('d  piston  whicti  on sipies  the  end  of  the 
clns.ed  yliodrirai  (sivilv  opposite  ttie 
m  ici  o;jlinnp .  As  will  he  shown  later,  it  is 
important  tliat  to,  pre'-sore  imlse  be  of 
:elat  ivt  ly  short  dural  mn  so  ttint  it  will  h.ave 
siiffirierit  high  frequeoev  energy  content  tn 
permit  louiier  Iransforni  analysis  to  be  reliable 
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BLOCK  diagram  OF  IMPULSE 
CALIBRATION  SYSTEM  INSTRUMENTATION 
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1  f'lpar 

The  frequency  rf?i5olu!inn  of  the*  TFI  calculation 
IS  equal  to  ttie  inverse  of  the'  record  length 
(sample  interval).  It  is  also  desirable  for  the 
record  to  contain  a  number  of  samples  which  is  a 
power  of  twfj,  Ihf'refore  zeros  wen*  added  to  ttie 
data  records  to  make  2*^6  data  points  or  ttie 
equivalent  of  a  2.^6  millisecond  record, 
result  in;:j  in  a  frequency  resolution  of  390  Hz. 

Ipo  oressijre  rise  within  th^*  c'ylinder  cavity 
resulting  t  rom  ari  impact  ran  oo  caicuialeu  by 
cons  icier  1  ru]  thi*  (dianqe  in  volume  which  occurs 
whf-n  ttu'  pistori  is  'siiuck,  Hif*  change  in  CtSvity 
volunie  IS  din'-tly  reiatc-d  to  ttii'  displacement  of 
t  ti(*  pi'-iton.  as  stiown  tiy  (*xpression  '  . 


where  VI  Mil-  I'lnsl  cav  i  t  v  volume, 

\,  IS  Its-  initial  cavitv  v o  1  ome  ..whn'h  is 
I  1  xts]  , 

T  IS  iti*-  pisls'O  ( 1 1  sp  1  acf -{0001  alter  impact, 
iMvi  Itie  (  ofi'it  ,ist  0.0089  I',  the*  initial 
('a  V  it  V  gap  in  i  nehf's  . 

ll  it  ;  ,  .,.S'i':i''d  ttsil  ttie  t  i  iiiper.it  ore  sf  the  .ill 
ifi  tJi'-  (S',  itv  difs.  not  cti.ifiqe  dorifnj  an  impart, 
tlnf,  ♦  h"  p (■•■",  .»i re  ehanije  in  the  ('svilv  re'-volliru) 
f  I  old  a  (ii:>tes  d  r  ,p  1  are'iu  t  1 1  S  will  {)••: 

h  • 

n.DPH'. 

wti'si  hj  I  ,  tiK*  init  lal  pri’ssore  in  t  hf*  cavity 
anit)  If!,'  [)!s"  suri' ,  . 

OuiifU]  Iti,.  pr.iijisiiii,  11  was  de-iiis'd  to  v(‘riTy  t  liat 
I  h('  i)i'e:.‘.iire  in  t  tm  lsivlI.v  bnhavt'd  in  accordance 
witti  tcjoalnsn  '>  .  SifiCe  it  w.ss  j  mp  rai’ t  i  (sa  I  to 
n,<  as(j[e  {■)<•  pi', Inn  d  i  rqi  1  .iccmiMit  directly,  ttie 
'  1 1 '  i '  i  sccfid  w.ss  caholati’d  hv  pi'rfnrming  a 
doohle  iiitri]!s:  ion  of  t  ti(.>  acs  (>  1  e  Tomf' t  cf  ‘iiijnal. 
Itir  ll’  nlf  iiifj  piston  (f  1  sp  1  acf*ment  value  was  t  hc'n 
I'.t'd  in  t(]ii.ition  ' to  calcul;itc  a  fieak  cavity 
i  r'-'  .ore,  whtcli  w.S'i  diis'ctly  comf/.-ired  to  the 
f  ,v  I  I  v  [o  I-;, Mire  nif'S'.ored  by  t  tii’  reference 
i;:  1  '  I  i  ifit  ,  il  ..va;;  f-Mjn.'t  'tsil  ttie  two  valu<‘S 
t  i  s(  kf '.I  i  .1  jirisl  1  c  I  aid  e  manlier,  witti  ttie 
iiit.isoreO  p-.ik  piesMuie  (jeneiall'^  Jlfo  lower  titan 
I  tie  raleolatecj  pi’sk  (ir(ss;ure  .  tins  d  i  f  fereiu  f*  is 
iiMist  likf  Iv  do'  to  inaceoraev  in  t  tit'  method  used 
to  caleiil.ite  tiie  piston  d  i  lifi  I  ae^’ment  ,  since  a 
sntal!  ell  or  nr  t.ias  in  ttu*  ar  i -p )  f  •  r  a  t  i  on  signal 
wilt  eosiiv  ennt  i' 1  til  .t  e  tn  o  i ,  i  ()n  i  f  i  cant  errnr  in 
I  t  u’  en  1 1  I)  1  a  t  td  '  i  !  '  p  1  SOI  •nil':  il  . 


0»‘i  le  I  a  1  lest  P  is  ,i  edi  j  I  s  • 

itif  pinii'liac  O'  oil  In  aisjniM'  and  .arifi !  \ /i’  test 
list. I  f  rn:'-  Mu  fisitiitviie  Impol'a  (alitiration 
hvsti'ni  is  I ;  ni  i .  ,it  ed  t-v  t  ta-  f  lisw  ftiart,  t  u^ure  1tl. 
!lie  aegiii'.it  inn,  disjilsv,  and  '.tnraqe  of 
nioinntioiM'  ignal  Isl.s  result  iru)  from  a  test 
1111(1,1!  t  til  Mu‘  piston  was  coni  if‘l  led  tn  ttie 
‘AAT'dHOI  !;  '-.oftware  pa''ka(]f'  ronninc)  on  an  (M'  Al 
•  snip, it  itil'*  [)<‘r'sin.a]  eompoloi  .  ftie  aisjoired  data 
was  t[ii';i  impi'Med  ndn  Mie  UADiSh  2  -aiffwaie 


FIGURE  10 

FLOW  CHART  OF  GENERAL  TEST  PROCEDURE 
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env  1  ronrrinnt  tor  .onolv  .lo.  Ihe  DA()tM‘ 
piu^ldes  t  ho  ropobility  of  oppKiruj  mot  hccuil  ical 
fiinrfior^i  t  n  ttir  m  1 1  i  ( ji.jt  lor  ic  .  toj  oucri 
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DEVELOPMENT  OF  PROTOTYPE  SYSTEM  FOR  THE  IMPULSE  CALIBRATION  OF 
MICROPHONES 


Q:  Bill  Cardwell  (GE,  Evandale):  On  the  calibration  in  the  first 
part  of  your  talK,  you  talked  about  putting  an  accelerometer  on  which 

A:  David  Mullendore:  On  the  piston. 

Q:  Bill  Cardwell;  Did  you  try  putting  one  on  the  stable  part  also  to 
see  if  there  was  ^.ny  reaction  that  way? 

A:  David  Mullendore:  No,  that’s  a  oood  suggestion.  We  did  not  try 
that.  VJe  used  the  accelerometer  that  was  mounted  within  the  piston 
to  try  to  characterize  the  movemient  or  the  pxsion.  The  one  set  of 
data  we  did  extract  was  to  do  a  double  integration  on  the  ac  cation 
to  get  a  m a  them.at  i ca  i  value  tor  piston  displacement  and  then  to  relate 
this  to  the  change  in  pressure  within  the  cavity.  It  turns  out  when 
we  did  that  we  were  able  to  correlate  the  change  in  pressure  with  the 
piston  displacement  to  within  about  20%  error.  That  doesn't  sound 
very  good  until  you  co'.-“'de>'  that  we  achieved  this  with  a  double  in¬ 
tegration  of  the  accelerometer  signal.  There  was  some  high  frequency 
vibration  in  the  accelerometer  signal,  as  you  might  expect.  When  you 
have  an  impact,  that  tends  to  bias  that  displacement.  We  were  able  to 
correlate  to  within  20%.  This  is  over  the  full  range  of  impacts  we're 
exper  imient  ing  with  which  was  from  about  .02  or  .05  psi  to  about  1  psi. 
But  we  did  not  mount  an  accelerometer  on  the  outer  cylinder. 

Q:  Bill  Cardwell:  Tne  data  that  was  shown  on  the  final  chart,  is 
that  with  using  the  modal  hammer  or  the  ball  dropper? 

A:  David  Mullendore:  That  was  obtained  using  the  modal  hammer,  we 
can't  see  much  difference  in  the  data  for  a  given  impact  level.  There 
seem.s  to  be  little  or  no  difference  between  the  two  techniques  as  far 
as  the  results  are  conceined. 

Q:  Bill  Cardwell:  Your  final  thought  on  this;  do  you  think  this 
provides  you  with  an  easier  way  of  calibrating  in  the  field  other  than 
using  the  p i s  t  o n ph o n  e  ? 

A:  David  MulJendore;  I  think  that  if  it  can  be  shown,  and  there  may 
be  some  more  work  involved  here,  that  the  data  totally  correlates  with 
conventional  techniques  within  the  limits  that  are  expected  for  this 
type  of  calibration,  which  were  plus  or  minus  a  half  a  dB ,  it's  a  very 
quick  method.  In  our  work,  most  of  the  time  was  spent  not  with  gener¬ 
ating  the  data  bu*-  with  analyzing  the  data.  You  generate  the  data  in 
about  two  seconds,  as  long  as  it  takes  to  pick  up  the  impulse  hammer 
and  make  an  iiTipact,  or  if  you  want  to  make  multiple  impacts  and 
average  the  data,  that  takes  a  little  b  t  longer.  If  you  would  write 
special  software  that  did  the  analysis  rather  than  trying  to  use  a 
standard  package  which  requires  some  interaction  you'd  have  the 
results  in  probably  10  or  16  seconds  with  a  standard  AT  computer. 


32 


From  that  point  of  view,  I  think  it  does  lend  itself  to  field  use. 
The  speed  with  which  the  results  are  obtained  is  one  of  the  things  we 
were  after. 

Q:  Jim  Faller  (Aberdeen  Proving  Ground):  I'm  not  totally  familiar 
with  the  subject,  but  I  had  a  question  about  the  energy  level.  You 
weren't  getting  enough  energy  over  a  broad  enough  frequency  range,  and 
I  was  wondering  what  your  strategy  was  to  achieve  this? 

A;  David  Mullei-dore;  The  original  strategy  was  to  make  the  impulse 
as  short  as  possible,  and  I  guess  that  still  is  the  strategy.  We  may 
be  up  against  some  fundamental  limitations  there.  I'm  not  sure  we 
know  for  sure. 

Q:  Jim  Faller:  Did  I  misunderstand  the  question  then  originally, 
that  you  weren't  getting  enough  output? 

A:  David  Mullendore:  I  think  what  I  tried  to  emphasize  was  the  dis¬ 
tribution  of  energy  throughout  the  frequency  range  that  we  were  inter¬ 
ested  in,  which  was  from  essentially  10  hertz  up  to  5  kilohertz.  It's 
not  a  question  of  enough  output  but  the  distribution  of  the  output. 

Q:  Jim  Faller:  So,  if  you  narrow  the  range  you  don't  have  to  worry 
about  distribution,  is  that  right?  You  say  the  distribution  is  be¬ 
tween  two  and  three  kilohertz? 

A:  uevid  Mullendore;  If  you  would  accept  the  one  to  three  and  one- 
half  kilohertz  range  os  that  in  which  you  were  interested  then  we 
wouldn’t  have  t-o  go  any  further,  I  guess.  We're  after  a  broader  range 
than  that . 

<2 :  Jim  Faller:  Does  the  modal  hammer  influence  that  in  anywav:  the 
construction  of  the  modal  hammer,  the  materials  of  coi  truction? 

A;  David  Mullendore:  Yes,  as  a  matter  of  fact.  We  did  not  actually 
have  a  direct  steel  on  steel  impact.  There  was  about  a  four  mil  plas¬ 
tic  interface  between  the  modal  hammer  or  the  steel  ball  when  we 
dropped  it  and  the  impact  point  on  the  piston.  Without  that  we  would 
generate  a  lot  of  extraneous  vibrations  in  the  piston.  They  seem  to 
center  around  16  kilohertz,  which  is  outside  the  range  of  interest. 
It  didn't  interfere  with  the  work  that  we  were  doing,  so  the  four  mil 
polyester,  more  like  six  mils,  interface  did  suppress  those.  We  ex¬ 
perimented  with  other  materials  and  other  thicknesses.  We're  at  a 
point  right  now  where  we've  kind  of  optimized  that  part  of  it,  as  far 
as  the  weight  of  the  m.odal  hammer  and  the  material,  whether  it  was 
steel  on  steel  contact  or  with  some  kind  of  a  dampening  material  in 
between.  We  probably  have  some  other  things  we  can  try  there  but  the 
results  that  you  see  are  where  we  are  right  now. 

Q;  John  Judd  ( Vibrametrics ) :  In  the  last  curve  you  had  up  there,  was 
that  the  ratio  of  the  microphones? 

A:  David  Mullendore:  That  was  the  frequency  response  of  the  unknown 
microphone  alone. 
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Q:  John  Judd:  I  wondered  if  you  had  any  coherence  data? 

A:  David  Mullendore:  I  did  have  some  coherence  data.  We  did  some 
work  with  coherence  mid-way  through  the  program  and  the  data  showed 
about  a  .98  coherence  up  to  about  four  to  five  kilohertz. 
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ABSTRACT 

The  general  trend  towards  increasingly  large  numbers 
of  channe'S  ot  sensois  nas  ciaced  tremendous  burdens 
on  the  calibration  aspect  of  testing  The  need  to 
accu''ate!y  measuie  rotational  degrees  ot  freedom,  also 
generates  nev;  otobiems  whh  conventional  calibration 
methods  In  an  efiort  to  solve  these  problems,  two  novel 
"a''D'at‘On  svsiems  arc  under  aeveloprnent  at  the 
University  of  Cii.cinnati,  Utilizing  the  simplest  and  most 
intuitive  of  all  structures,  ttie  rigid  body,  the  calibrators 
can  provide  cuicker  calibrations  and  total  motion 
inforrnation.  Eacn  canbratcr  relies  on  the  underlying 
assumption  ti  nt  the  measured  sensor  outputs  miust 
result  fromi  met  on  cons'sting  ot  seme  imear  combination 
of  the  su  ‘uniJa.Tieniai  :  g.a  body  modes  However, 
beyond  this  p.-pi-mse  i,;,.'H  calibrator  uses  a  different 
construction  and  sciution  rnetiiod  to  achieve  its  end 
result.  The  fast  concurrent  calibration  iFCC)  method 
calculates  a  least  squares  type  estimate  for  the  primary 
axis  of  sensitivity  for  up  to  256  Structee!  motion  sensors 
at  a  tiri’o  Solving  an  overdetermined  multiple-input 
mijifio  e  outou*  iMIMC'i  problem,  the  total  motion 
'"Ticratoi  irriCi  uses  24  roierencs  accelerometers  and 
Krvav'o  'Vrometry  ci  the  platform  to  calculate  the 
rnct.c,"  ai  ihp  |. meatier  cf  the  test  sensors.  Thus,  a 
t‘'st  sen-.cr':'  O  il.uul  can  be  calibrated  against  any  or  all 
of  ti’e  s  <  DOh  icouts 


iNTncD!i:'":i)u 

The  fast  cone  ,  lei '  '.’.  icraticn  system  provides  a  quick 
and  eccromicai  method  tor  batch  processing 
oalibcai'oris.  Smoe  umy  1  e  primary  axis  of  sensitivity  is 
neeoGd  in  inc.:!  r’^easurerr'ent  applications,  the 
ceiibrator's  e<-citat:cm  means  rOod  solution  algorithm 
have  been  optimized  to  produce  single  axis  calibrations 
for  a  large  hu.rr'ber  O;  .sensors  in  an  efficient,  cost 
effective  manner  r''c  FCC  system  functions  to 
'r.cnsform  the  ri'erisu'eq  signais  from  an  array  of  miotion 
sensors  info  a  best  *it  nqid  body  motion  (ref  2).  The  rigid 
body  motion  and  t!ie  ''cr  sor's  geometric  location  then 
dictate  the  sensor  t  appropriate  sensitivity.  Traceable 
sensitivitres  are  referenced  to  precision  quartz  sensors 
and  up  to  256  Stn.ictcel  motion  sensors  can  be 
calibrated  at  a  smqlc  t  me 


Providing  more  sensitivity  information,  the  total  motion 
calibrator  (ref  3-4)  requires  a  large  number  of  reference 
sensors  and  at  least  six  shakers  to  adequately  excite 
and  measure  all  six  degrees  of  freedom.  The  TMC 
functions  to  tran.sform  24  measured  linear  accelerations 
(8  triaxial  reference  accelerometers)  into  the  primary 
rigid  body  accRications  oi  the  platform.  A  simple 
geometric  transformation  then  calculates  the  exact 
motion  at  the  base  of  each  transducer  under  test  (ref  5). 
This  allows  the  MIMO  estimator  to  produce  the  sensor 
sensitivities. 


SYSTEM  CONFIGURATIONS 

Fast  concurrent  calibration  platform- 

The  neart  ct  the  calibration  system  consists  of  a  rigid 
platform  which  connects  to  an  number  of  electrodynamic 
shakers.  An  aluminum  alloy  block  milled  out  in  a  waffle 
pattern  to  lighten,  yet  still  retain  strength,  forms  the  12 
inch  by  12  inch  by  2  inen,  rigid  platform.  A  num,ber  of 
iterations  of  finite  element  analysis  provided  the  basic 
platform  design  which  has  Its  first  resonance  at  1200  hz. 
As  stated  in  the  previous  section,  the  calibrator  operates 
on  the  assumption  that  all  measured  motion  consists  of 
a  linear  combination  of  the  rigid  body  mode  shapes 
The  true  rigid  body  motion  frequency  range  extends  to 
about  half  of  the  first  resonant  frequency.  Hence,  the 
useable  frequency  range  of  the  present  design  extends 
to  just  about  600  Hz.  Future  designs  of  the  platform  will 
include  ultra-stiff,  light-weight  composites  to  greatly 
extend  the  useable  rigid  body  frequency  range. 

Providing  mounting  for  the  Structcel  motion  sensors  (ref 
6-8).  a  grid  of  256  mounting  sockets  occupy  the  surface 
of  a  printed  circuit  board.  The  two  layer  board,  which  is 
rigidly  laminated  to  the  platform  with  epoxy,  conveniently 
routes  the  large  number  of  signal  leads  (3  per  sensor  x 
256  sensors)  from  the  mounting  sockets  to  multi-pin 
connectors  at  the  edge  of  the  board.  The  array  of  motion 
sensors  report  the  measured  motion  which  will  be  used 
to  determine  actual  combination  of  the  rigid  body 
modes  The  entire  platform  rides  on  sort  springs  with  a 
system  resonance  of  less  tnan  10  hz  Sixteen  ribbon 
cables  carry  the  signals  from  the  edge  connectors  on  to 


the  Data  Harvester  wrnch  provides  the  necessary  signal 
conditioning  (power,  gam  and  iow  pass  filtering)  for  the 
Structcel  motion  sensors. 

Four  electrodynamic  shakers  attach  at  the  corners  to 
vertically  excite  the  platform.  Each  shaker  can  be  set  in 
phase  or  180  degrees  out  of  phase  in  order  to  create  the 
different  forcing  vectors  needed  to  auarantee  a  solution. 
With  only  vertical  excitation,  the  motion  of  the  platform 
must  consist  of  vertical  translation  and  ihe  two  rotations 
in  that  plane  Accorrlmcii/  a  'ninimLim  of  three 
independent  ‘oicing  vecto-s  mjs;  be  applied  to 
guarantee  a  calibration  sok  tion  We  assume  that  the 
sensors  do  not  m.easure  m  the  other  directions  thereby 
focusing  only  on  the  orin-ary  axis  of  sens.tivily. 

Total  motion  caiioraimr,  r,''.,it‘crrr,- 


with  uncorrelated  random  noise  are  connected  m  pairs 
on  mutually  perpendicular  faces.  This  drives  the  cube 
into  random  vibration  along  all  three  translational  axes 
and  about  all  three  rotational  axes.  The  random  noise 
sent  to  the  exciters  is  chosen  so  that  each  of  these  six 
degrees  of  freedom  of  motion  have  approximately 
uniform  over  the  calibration  bandwidth. 

Utilizing  the  spatial  sine  testing  system,  the  shaker 
configuration  remains  the  same,  but  excitation  occurs  at 
a  single  frequency.  The  shakers  must  apply  a  minimum 
of  6  inoependent  forcing  vectors  at  each  frequency  step 
to  guarantee  sufficient  information  for  a  solution 
Practically,  additional  forcing  vectors  increase  the  data 
set  information  and  provide  a  statistically  more  precise 

answer 


A  6  inch  cuoe  constnicfen  of  a  g'aphite  laminate 
then  filled  wth  st'uc'ural  !r,a,m  or.T.'iaes  tne  !,':oun1ing 
platform  for  ‘‘■vs  svsiami  '.iorior  m  we.ofn  than  tne 
aluminum  p iatf;:::Ti,  -rie  'uot,  oet  uves  as  a  ngia  oody  to 
nearly  1  Knz,  but  has  a  nT.,.-.h  smoke'  sunace  area  for 
mounting  test  sensors  T;  o  symrnetr'C  geometry  of  the 
cube  makes  i;  much  rr'.o't;  s  lifati'.}  for  uniform  excitation 
in  all  degrees  of  freedom. 

In  order  to  measij.'e  the  ton'ipieie  motion  o!  tne  block,  at 
least  6  reference  sense  s  are  needed.  Since  we  will 
use  only  tranclat.onr.‘  acee lersmc-ters.  tfiese  must  be 
spatially  distributed  anr,j  onented  m  r  manner  thal  allows 
measurement  of  all  three  r.otat.mns.  One  possible 
configuration  fu  mem.i.jrt;  Tia.Kial  accc-ioralion  at  one 
point,  biaxial  accsieiatioo  a;  .anothr-r  oomt  in  oirections 
perpendicular  to  tiie  line  beiwerr,  tnese  two  points,  and 
a  uniaxial  acceleration  at  a  third  point  in  a  direction 
perpendicular  to  the  plane  containing  the  three  points. 
This  repre.sents  tne  min,m:um  configurut.on  needed  for 
all  6  DOF  These  acceie’onieiers  will  be  called  the 
reference  nccelernniefors.  because  they  act  as 
calibration  nanuarcs  for  tne  caimration  process,  and 
they  are  therefore  calibrated  bv  standaid  means  prior  to 
use  on  the  platform 

f-loused  'n  i^e  corners  of  the  cube,  the  use  o'  8  tnaxial 
accelerometers  gives  24  reference  accelerometers  on 
the  platform  four  times  the  minimum  reounement.  The 
resulting  redund.ancv  in  measiiiinq  the  motion  of  the 
platform  provides  two  advantages.  ;i  allows  averaging  of 
the  24  measurements  m  calcjlatmq  the  six  degrees  ol 
freedom  of  the  oiattormh,  motion,  and  .t  allows  deletion 
of  one  or  more  reierence  ac.celerat  ons  from  tfie  process 
in  the  case  that  the  corresponding  measurement 
channels  are  not  functioning  properly  a!  the  time  of  the 
calibration  The  calibration  algcriihm  uses  a  least- 
squares  niethod  for  the  'vuranmg  This  averaging 
provides  the  usual  tienefcs  of  a  finer  resolution  of  the 
motion,  a  reduction  m  'ar'jum  errors,  a  correlation 
coefficient  that  indicates  the  reliabilit'v  of  the  inherent 
assurrrptions  m  tne  mehrod  icc  greater  confidence  in 
the  computed  musui’s 

The  excitatioi'  method  vanes  denendmg  on  the 
measurement  'eennique  utilized  When  testing  with 
conventional  broad  bar,d  lecbniquer,  .six  shakers  driven 
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The  same  eauation  form.s  tne  oasis  tor  each  of  the 
calibration  solution  algorithms.  The  measured  signals, 
scaled  by  some  sensitivity  vector,  must  equal  the  active 
modes  times  the  modal  participation  factors. 

1X|  |S1 -|G|  |k)  (1) 

where,  =  diagonal  matrix  of  measurements 

=  transducer  sensitivity  vector 
[G]^^3  =  rigid  body  mode  shapes  (G^  G^  G^^  ) 

=  modal  participation  factors 
n  =  number  of  measurement  channels 


In  expanded  form  for  N  measurement  sets. 


fx,  G  0  0 

'  Xj  0  G  0 

j  X3  0  0  G 


0 

0 
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(2) 


I  x^,  0  0  0 
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The  benefits  from  working  with  a  rigid  body  result  m  the 
simplification  of  the  G  matrix  The  trans'ational  rigid 
body  modes  can  be  described  with  zeros  and  ones 
while  the  rotational  rigid  body  modes  need  only  the  x.y.z 
geometry  witn  plus  or  minus  one  weighting  functions. 
Furthermore,  the  calibration  range  is  not  limited  ‘c  the 
rigid  body  frequency  span  of  the  platform  If  so  ocsired, 
analytical  estimates  of  the  first  flexible  modes  can  be 
adjoined  to  the  G  matrix  to  extend  the  co  . oration 
frequency  range 
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Currently,  two  alQonti'ms  ha'-e  been  developed  to  solve 
the  basic  equation  ioi  ine  hCC  syster'.  Ttie  tirst 
algorithm  develops  a  Rayleiqii  quotient  and  reduces  the 
equations  to  a  directly  solvable  eigensoiution.  ihe 
second  algonthm  implements  an  iterative  least  squares 
technique  to  perform  the  eigensoiution  Both  algorithms 
assume  that  the  piattorm  lecaives  vemcai  excitation  from 
a  number  of  shakers  Exsiting  only  three  rigid  body 
modes  (translation  and  iwo  planer  rotations),  this 
configuration  Sik  / ,n’  maAir.rjin  input  along  the 
sensitive  axis  anci  raJi.  o  c  trie  overall  calculation  by 
requiring  only  ;n?ee  n  on-m  n  ‘he  G  matrix 


the  Euclidian  norm  of  k.  By  rinnimizing  the  error  with 
respect  to  K,  we  can  set  up  a  Raleigh  Quotient  type 
problem  such  as. 
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Usincj  hasiraliy  o  sen  l;  aquations  as  the  iterative 
technique,  the  I  ^/1(d  incorporates  the  known  sensitivities 
of  the  reference  accelerometers  and  calculates  the  best 
rigid  body  vath  a  mi:  ict  transformation  in  all  6  DOF.  A 
secona  georndtr'c  tianstormaticn  provides  the  exact 
motion  at  the  bass  si  the  test  sensor.  Finally,  the 
algorithm  ernuiovs  a  muitiple-input/multioie-output 
frequency  rcspcnLi;.-  e'.nciatu'  to  dett;  mine  the  sensor's 
output  respor.su  sensiiiv :  es  ui  each  of  the  6  calculated 
inputs. 
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The  physical  interpretation  of  this  is  to  minimize  the 
strain  energy  while  maximizing  the  kinetic  energy 
Since  we  know  that  the  structure  is  a  rigid  body  in  the 
frequency  range  which  we  are  exciting,  this  minim  zation 
technique  should  result  in  the  best  fit  of  the  data. 

The  kinetic  energy  term  is  strongly  related  to  K  (the 
modal  participation  factors  of  the  rigid  body  modes)  due 
to  the  tact  that  the  Euclidian  Norm  of  K  is  a  direct 
function  of  the  coordinate  system's  velocity  squared 
(unity  mass  or  symmetric  mass). 


wnero,  the  SL.bscriots  mdicate  me  lueasurernent  and 
assi.ciated  n  cdai  p.nr.icipatiou  factors  fo'-  the  respective 
forcing  pahern  ( This  reprpjents  thrr  minimum  number  o< 
medsurernents  ''ii.^edcd  m  solvo  fcr  the  sensitivities. 
There  must  be  ii  ii-n-ji  one  eriuatioc  for  each  ugid  body 
niodo  excited.  More  mear-uren'oris  .may  be  used  ana 
will  a  loabi  yuudio't  lype  estimate'!. 

me  er-or  ti-urii,  f-  .  r,  .,uvu  eMUdiion  a.  se  trom  the 
mco  'Oiuii'ui.. ru ..  M  I  If'  S';-  ;-.i!ivitidS  Detween  the  var.ouo 
aa‘3  set:;  D  ui“  ..nuu  ri  l■.■:lr]linl;:ed  in  order  to  obtain 
the  hem  1 1  :  .  ■  f  i,.'.i‘’'/it',  vector  tor  the  given 

mea..urf  riu;!',:  .lu;  :/'ng  error  term  wiin 

respect  m  .i  ■  i,  -  .  '  ■,  atuf,  M  cuic:  tt'o  mcda! 
parimipc  (  1  '  r;  -  t  :•  the  .dentily  rr.atr.x  we 

ham;. 


in  order  to  view  the  error  terms  in  relation  to  the  internal 
strain  energy,  we  must  look  at  th^  error  term  m  a 
different  perspective  As  was  stated  earlier,  the  error 
terms  are  the  result  of  inconsistencies  in  the  sensitivities. 
Alternatively,  this  error  vector  could  be  thought  of  as  the 
result  of  unaccounted  mode  shapes.  These 
unaccounted  mode  shapes  would  not  be  rigid  body 
modes  and  therefore  result  in  internal  strain  energy, 
wh'ch  currently  shows  up  as  an  error  term. 

Given  these  f'hysicai  mtorpi-etations,  minimizing  the 
Rayleigh  Quotient  tends  to  make  sense  since  under 
normal  operating  circumstances  the  structure  used  for 
calibration  should  have  no  m'ernal  strain  energy. 

Reformulating  the  above  Raleigh  Quotient  problem  into 
a  standard  Eigenvalue  problem, 
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the  diagonal  matrix  containing  the  measured  signals  for 
N  different  forcing  sets  and. 


'sV"!! 

L  ■‘i 


A  B 


b"  1 


0  0  ^ 
I 


s  1 


^!0  ! 


The  solution  of  the  Raieigh  quotient  problem  is  now  to 
solve  the  above  Eigen-probiem  for  the  minimum 
Eigenvalue  and  its  associated  Eigenvector.  As  can  be 
seen,  this  is  a  very  large  Eigen-oroblem  and  must  be 
reduced.  By  expanoing  the  equations  we  have, 

|A|  'Sj  ^  iB|  IK)  ^  .1,  ^9) 

|S>  =  -IAT!  (B1  (Ki  (10) 


I D)  =  hlcxrk  diagonal  j  (G  G  | 


with  equal  blocks  containing  the  geometry  of  the  rigid 
body  modes  Also  we  know. 


,C,=j^X^Gy.  X:G) 
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which  reduces  to, 
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The  above  Eicon  problem  iiow  is  reasonaoly  small 
(9x9i  and  the  .iolution  fL.r  the  minimum  Eigenvalue  and 
Its  associared  Eigenvector  can  oe  cietermined  using  one 
of  the  several  Eigonsoluticn  methocs.  The  solution  of 
this  subset  resm's  m,  the  Eigenvalue  wmch  is  not  used, 
and  the  Eige'''vector  ivhiCn  is  the  .net  of  modal 
particioation  vectors  'or  e.ac’  set  o'  rr.cnsuiements  To 
aulve  tc"  the  sensit'vities  d'O  .Cicaal  participation  vector 
IS  back  subsiitu'ea  into  equation  nurr'tnr  9. 

ECC  itermive  soiuticn- 

Equation  number  •2)  can  ce  reoresented  .r.  tt.e  'orm  ot. 


Setting  up  Inu  ecuatior,  in  isast  sq  lares  form  which 
minimizs  the  crm- 

:  M  'i  A)  (1  -li 

and  'Hf. 


The  problem  ‘l  i~'Ow  to  nnd  t'le  eigensoiution  tor  the 
[A]R[A|  matrix  where 

1  V’  ,  : 

!B)  ^  di.i-v:..l' 


whii.,n  IS  the  measured  signai  for  each  forcing  condition 
times  the  rigid  body  mode  geometries.  Now  expanding 
equation  (14)  into  two  equations, 

(B|  (.SI  -  |<.'!  ik)  =  h  (16) 

|c‘'i  (SI  MDI  (k)  =0  (17) 

and  rearminging  equation  .17), 

ik)= -IDI 'iCl'Vsj  (18) 

where  n  is  the  nl'i  estimate  of  the  sensitivity  vector.  Also 
rearranging  eouation  (16), 

iBi'lClIk)  (19) 

Substituting  equation  (18)  into  eouation  (19),  the 
iteiative  equation  is, 

=(lB|'|Cl|Dr'lCl“|SJi/(S;ij  (20) 

where  the  sensitivity  is  normalized  to  the  first  element  of 
the  S  vector.  Though  inverse  calculations  of  large 
matrices  can  be  complex,  the  matrices  in  equation  (20) 
are  very  simple  because  B  is  diagonal  and  D  Is  a  block 
diagonal  matrix  with  3  by  3  blocks.  The  addition  of  a 
weighting  matrix  to  remove  bad"  sensors  prevents  a 
measurement  error  from  corrupting  the  best  fit  solution. 
Setting  initial  sensitivities  to  one  and  using  three 
iterations  to  dei9''mine  the  basic  sensitivity,  the  algorithm 
zeros  out  any  sensor  with  a  correlation  coefficient  of  less 
man  95  percent  A  final  1 2  iterations  then  converge  very 
quickly  delivering  a  stable  alculation  of  the  sensor 
sensitivity. 


TMC  calibration  algorithm 

The  total  motion  algorithm  also  begins  with  me  rigid 
body  equation  (1 1  However  in  this  case  the  reference 
measurements  can  be  scaled  directly  due  to  the 
calibrated  tnaxiai  accelerometers  in  each  corner  of  the 
cube.  The  left  hand  side  of  the  equation  can  be 
condensed  -x  vector,  R,  consisting  ot  the  measured 


reference  translational  accelerations.  Including  all  six 
rigid  body  modes  instead  of  just  three,  G  is  still  a 
function  of  gecmetry.  The  K  vector  includes  the  modal 
participation  factors  (which  are  the  six  principal  rigid 
body  accelerations  for  a  rigid  body).  Thus  equation  (1) 
becomes, 

(Rl  =  [Gl(kl  (21) 


where,  (Ri24xi  =  farislational  ref  accelerations 

mode  shapes  (6  DOF) 

(k)^^j  =  principal  rigid  body  accelerations 
(modal  participation  factors) 

Tc  end  up  with  the  principal  accelerations  at  the  base  of 
the  test  sensor,  the  geometry  is  input  with  the  origin 
located  at  the  base  of  the  test  sensor.  Setting  up  a 
normal  equation  of  a  least  squares  solution  to  utilize  the 
over  determined  measurement  set, 

IcriR)  =iGr[Gl  (k)  (22) 

r  -,'1 

|k)=[lGr[GlJ  [Gr(R|  (23) 

Note  that  equation  (23)  is  essentially  the  expanded 
version  of  equation  (18)  with  known  sensitivities  and 
three  extra  degrees  of  freedom.  The  TMC  algorithm 
mirrors  the  first  loop  of  the  iterative  solution  and  directly 
determines  the  values  for  k. 

Clearly,  a  weighting  matrix  could  be  applied  to  the  left 
hand  side  to  judiciously  eliminate  any  questionable 
measurement  channels.  All  matrix  operation  can  be 
performed  prior  to  testing  such  that  a  single 
transformation  matrix,  T.  would  exist  to  calculate  the 
principal  accelerations. 

(kl=|TllRl  (24) 

^  T,-'  T 

v;here,  ir|-|Wlt|Gl  |0|  1G| 

and,  I  SV|  weighting  matrix 

Once  the  principal  accelerations  have  oeen  determined, 
the  estimated  accelerations  at  any  point  can  be 
calculated  by  using  a  geometric  transformation  from  the 
original  point.  This  allows  for  the  formulation  of  error 
functions  for  the  reference  accelerometers  and  also 
concurrent  calibrations. 

Using  the  calculated  principal  accelerations  at  the  base 
of  the  test  sensor  as  inputs,  a  six-input/multiple-output 
estimator  determines  voltage  sensitivities  to  each  DOF 


EXPERIMENTAL  RESULTS 

As  published  in  a  previous  paper  (ref  9),  plots  1  and  2 
examine  the  comparability  of  the  rigid  body  calibration 
method  to  a  standard  single  sensor  calibration  and  also 
examine  the  effect  of  different  permutations  of  subsets  of 
large  number  of  forcing  vectors.  Both  plots  are 
normalized  to  use  channel  2  as  the  reference.  Plot 
number  1  displays  first  32  relative  sensitivity  values  for 
the  hand  held  calibrator  and  the  rigid  body  calibrator,  as 
well  as  their  differences.  As  can  be  seen  by  the  plot,  the 
normalized  calibration  value  for  the  two  different 
methods  are  very  comparable.  In  fact,  the  first  16 
channel  are  within  one-half  percent  while  the  next  16 
channels  are  within  two  percent. 

In  order  to  check  the  stability  of  the  data  reduction 
technique  when  using  different  forcing  vectors,  the 
original  set  of  five  forcing  vectors  (for  one  run)  was  used 
as  a  base  set.  This  base  set  was  permutated  in  such  a 
way  that  the  data  reduction  algorithm  received  different 
combinations  of  three  forcing  vectors  (required  for  a 
unique  solution).  This  resulted  in  13  different  force 
vector  sets  from  the  original  5  forcing  vectors.  Plot 
number  2  displays  the  normalized  calibrations  for  the 
analysis  set  which  included  all  permutations.  The  top  of 
the  lower  traces  indicates  that  the  difference  between 
the  sensitivity  vectors  generated  by  the  permutations  is 
generally  less  than  four  percent.  This  indicates  that  the 
eigensolution  is  not  overly  dependent  on  any  particular 
set  of  forcing  vectors  or  amount  of  additional  sets  over 
the  required  three.  Any  set  of  three  or  more 
independent  forcing  vectors  provides  a  reasonable  data 
base  for  sensitivity  analysis,  but  as  usual  a  large  set  of 
forcing  vectors  provides  better  statistical  confidence  in 
the  results.  (Channels  45-48  were  inoperative  due  to 
hardware  difficulties). 

Plot  3  reports  new  investigation  into  the  repeatability  of 
calibration  values.  Two  tests  performed  a  day  apart  with 
the  sensors  in  the  same  locations  each  time 
demonstrate  a  repeatability  of  less  than  a  percent.  A 
following  test  was  conducted  removing  all  sensors  and 
randomly  replacing  them  in  the  platform  geometry,  but 
still  referencing  to  the  same  sensor  as  before  The 
maximum  variation  between  this  trial  and  the  two 
previous  was  about  four  percent  with  most  less  than  two 
percent 

Each  of  these  tests  has  used  the  iterative  technique  for  a 
solution  algorithm.  To  compare  this  with  the  direct 
solution  algorithm,  a  mathematical  simulation  was 
created  in  a  PC  mathematics  program  and  executed  on 
the  rav/  data  from  the  previous  tests.  A  variation  of 
around  two  percent  in  average  sensitivity  causes  some 
concern  when  the  algorithms  should  deliver  nearly 
identical  values.  One  possible  reason  for  the 
discrepancy  may  be  the  lack  of  a  weighting  matrix  in  the 
current  direct  solution  implementation.  Two  bad  sensor 
channels  were  averaged  into  tne  solution,  possibly 
causing  the  difference  in  calibration  values. 
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Experimental  results  from  the  total  motion  calibrator  can 
be  found  in  reference  3.  Unfortunately,  the  lack  of  signal 
conditioning  for  the  standard  ICP  type  sensors  used  in 
the  TMC  prohibited  further  evaluation  with  the  recently 
developed  spatial  sine  testing  methods.  These  tests  will 
be  the  next  examinations  as  adequate  equipment 
becomes  available. 


Conclusions 

The  FCC  method  oi  calibration  apoears  to  be  an 
accurate  way  to  quickly  calibrate  a  large  number  of 
Structcel  motion  sensors.  Due  to  the  convenience, 
users  with  large  instailations  of  Structcels  can  use  the 
calibrator  not  only  to  perform  initial  calibrations,  but  also 
to  verify  calibrations  after  a  test  is  perfcimed  Th^s  check 
gives  lurther  insurance  that  all  sensor  channels  are 
operating  properly  during  the  critical  data  acquisition 
phase.  Money  will  -cisc  oe  saved  by  shortening 
calibratiori  time,  expedit  ng  tests  and  ensuring  accurate 
data. 

A  excellent  ,;andidate  for  iurtfier  reseaicn,  the  total 
motion  calibrator  exhioit.s  great  potential  <cr  future 
benefits.  A  srr.aiier  scale  conccrent  calibration  could 
provide  al;  6  DOF-  sen,sitivities  for  a  number  of  sensors. 
Translational  ana  rotaiiona!  senso'^s  could  oe  tested  for 
cross  sensitivities  in  the  manufactur.ng  process  and  fine 
tuned  to  orovide  hig.ner  peno'manco  sensors.  Self 
calibration  could  also  be  pencrmed  by  considering  one 
of  the  reference  se.'^sors  as  the  test  sensor.  Under  the 
presumption  thrit  most  o'  the  reference  sensois  are 
already  well  calibrated  the  TMC  cculd  verify  the 
reference  sensit, vines  one  by  one. 

Lastly,  (he  benefits  o!  computer  aided  te.sting  are  rapidly 
surfacing  ir,  the  testing  wcrld  Large  amounts  of  time 
and  money  are  saved  by  autorr.afing  calibrations.  Other 
research  topic  incuide  .'.utomated  information 
management  tools  fke  barcoded  serial  numbers,  and 
archived  sensitivity  da’a  bases  Many  of  the  advances 
are  presently  bemg  integrated  in  to  the  spatial  sine 
testing  syncpiTi  under  deveionment  at  the  University  of 
Cincir.-'ari, 
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CONCURRENT  ACCELEROMETER  CALIBRATION  UTILIZING  RIGID  BODY  ASSUMPTIONS 


Q:  Jim  Faller  (Aberdeen  Proving  Ground):  This  is  a  minor  point,  but 
when  you  were  referring  to  a  six-axis  calibrator  system,  I  couldn't 
help  thinking  that  using  that  term  was  somewhat  inaccurate.  Isn't  it 
six  degrees  of  freedom,  with  three  axes  and  three  rotations.  Why  the 
six  axis  designation? 

A:  Michael  Lally:  It  just  turns  out  to  be  the  term  that  people 
adopted.  Someone  wanted  it  to  be  the  kinetic  array  calibrator;  some 
say  six  degrees  of  freedom.  It  has  gone  through  a  number  of  ter¬ 
minologies.  That's  the  slang  term  that  held  in  our  lab. 

Q:  Jim  Faller:  Let  me  ask  you  this;  are  you  employed  by  the  Govern¬ 
ment  working  on  a  Master's  Thesis? 

A;  Michael  Lally:  I  am  not  employed  by  the  Government. 

Q:  Jim  Faller:  Oh,  you  are  with  the  University  of  Cincinnati? 

A:  Michael  Lally;  I  am  with  the  University  of  Cincinnati,  and  I  also 
work  with  PCB.  I  should  say  Dick  Talmadge  has  an  ongoing  contract  to 
develop  that  six  degree  of  freedom  calibrator.  But  it  had  been  drag¬ 
ging.  There  was  a  very  small  company  that  it  was  contracted  through 
and  actually  the  president  of  the  company  passed  away  recently,  so 
that  development  may  come  back  into  our  lab  just  as  a  general  project; 
hopefully,  to  wrap  it  up.  It  was  dragging  on  equipment  costs  and 
things  like  that. 

Q:  Ray  Reed  (Sandia  National  Laboratories):  I  had  a  question  about 
the  potential  for  increasing  the  frequency  range  of  the  six  degree- 
of-freedom  test.  I  think  that  you  had  indicated  that  you  are  able  to 
maintain  rigid  body  conditions  up  to  about  500  Hz? 

A:  Michael  Lally:  Yes,  500  Hz. 

Q:  Ray  Reed:  Do  you  have  any  feel  for  what  the  range  is;  how  far  you 
may  be  able  to  extend  this  someday? 

A:  Michael  Lally:  This  is  something  that  we  are  currently  working 
on.  We've  got  the  SDRC  IDEAS  work  stations  in  our  laboratory  and 
have  personnel  up  to  speed  on  this  so  that  we  can  produce  our  models 
rather  quickly  now.  One  man  just  went  through  the  design  of  a  shaker 
table  stand  for  NB  Dynamics,  which  was  a  couple  of  feet  across,  and 
they  were  working  with  frequencies  around  2100  Hz,  but  they  kind  of 
fudged  it  a  little  by  saying  that  their  accelerometers  were  going  to 
be  mounted  at  the  center,  and  the  first  mode  has  a  node  line  across 
the  center.  So  they  cheated  a  little  bit  and  said  "That's  not  going 
to  affect  it."  We  are  hoping  that  with  the  advanced  composites 
(exotic  carbide  graphite),  and  things  like  that  coming  out;  I  would 
like  to  get  up  to  a  couple  of  thousand  Hz.  Again,  being  that  we  are 
working  with  a  complex  structure,  that  is  going  to  be  one  of  our  major 
limitations  on  the  frequency  range.  Just  with  the  aluminum  block,  we 
are  hoping  that  we  can  get  beyond  aluminum  or  maybe  switch  to  mag¬ 
nesium,  or  something  like  that,  up  to  a  thousand  Hz  range. 
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Q:  Tom  Rogers  (Airborne  Test  Board,  Fort  Bragg):  Is  your  linear 
force  actually  eliminated  or  is  it  such  a  small  value  that  it  is  in¬ 
significant  to  your  testing? 

A:  Michael  Lally:  Linear . I  am  not  clear  on  your  question. 

Q:  Tom  Rogers:  In  your  slide  you  said  that  you  had  eliminated  the 
linear  force  on  the  vibration  testing? 

A:  Michael  Lally:  Now  what  we  are  doing  is  exciting  with  six 
shakers  on  the  six  degrees  of  freedom  and  measuring  the  resultant  up¬ 
ward  motion  of  the  block.  There  are  both  linear  forces  and  rotational 
forces.  We  are  putting  it  in  motion,  using  linear  force  in  all  degrees 
of  freedom  and  then  we  are  measuring  the  rigid  body  motions  of  the 
block  with  reference  accelerometers.  We  are  determining  the  transla¬ 
tional  measurements  and  applying  a  geometrical  transformation  to  get 
our  rigid  body  rotations,  and  then  we  are  saying  that  this  is  the  mo¬ 
tion  of  the  block.  I  don't  know  if  that  clears  it  up  but  we  are  not 
measuring  any  forces  on  it. 

Comment:  Pete  Stein  (Stein  Engineering):  One  of  the  fringe  benefits 
that  you  get  from  the  proposal  using  a  sine  wave  and  being  able  to 
slow  down  the  rate  of  frequency  change  as  you  approach  your  resonance, 
and  almost  totally  avoid  the  so-called  swept  frequency  effect,  where 
you  would  get  wrong  data  at  your  resonance  if  you  swept  through  it  too 
f  ast . 

A:  Michael  Lally:  We  are  using  a  step  sine  approach.  We  are  dis¬ 
cretely  stepping  through  a  frequency.  We  can  adaptively  control  all 
of  the  aspects.  It  helps  so  that  we  don't  destroy  whatever  we  are 
testing.  We  can  reduce  our  levels. 
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INTRODUCTION 

There  has  been  a  long-standing  need  for  a 
means  by  which  the  response  of  stress  and 
motion  instrumentation  designed  for  fielding 
in  cratering  and  groundshock  experiments  can 
be  experimentally  validated.  A  high  quality 
validation  would  require  chat  the 
instrumentation  be  embedded  in  a  geologic 
material  of  interest  and  subjected  to  stres.*? 
and  motion  fields  representative  of  those  in 
which  the  i  ant  t  i  on  is  to  be  f;-lded. 

In  addition,  a  true  validation  would  require 
that  there  be  some  independent  means  for 
relating  some  measurable  standard  to  the 
actual  stress  and  motion  fields  produced  in 
the  validarion  experiment. 

It  is  generally  accepted  that  if  there  is  an 
overall  consistency  and  agreement  among  many 
gages  of  different  kinds  (stress  and  motion 
gages  as  well  as  different  kinds  of  stress 
gages  and  different  kinds  of  motion  gages) 
fielded  ovn*  a  range  of  environment  levels  in 
a  test  event,  then  one  can  establish  a  good 
level  of  confidence  in  the  results  (especially 
if  they  agree  with  someone's  prediction 
calculation^.  This  internal  con.sistency 
feature  of  the  results  provides  a  kind  of 
validation.  This  approach  is  appropriate  and 
is  an  essential  part  of  any  posttest  analysis. 
In  general,  however,  traceability  to  a  true 
.standard  (other  than  time  base)  is  not 
available.  Thus.  the.  credibility  of  the 
results  is  always  subjective  and  the  degree  of 
subjectivity  is  dependent  on  the  consistency 
of  the  results  -  which  is  not  always  good. 
Pretest  validation  experiments  in  which 
traceability  to  a  standard  is  provided  would 
add  greatly  to  the  credibility  nf  the 
instrumentation  .systems  fielded  in  weapons 
effects  experiments  This  would  not 
necessa r i  1  y  eliminate  inconsistencies  be twet;n 
gages  but  it  would  allow  one  to  evaluate  and 
analyze  results  again^r  fbip  knnwledgp  that  a 


particular  gage  type  h.ad  been  validated  in  a 
wel  1 -control  i  ed  validarion  expei  iiiu  nl  . 

The  Weapons  Laboratory  (WL)  has  developed  the 
large  explosively-driven  flyer  plate  technique 
for  evaluating  and  validating  the  response  of 
stress  and  motion  insi  rumenlviC  ion  in  a  variety 
of  geologic  materials.  Thus  far.  the 
technique  has  been  applied  to  dry  soil  and 
rock  geologies.  The  technique  for  dry  soils 
is  very  well  developed  and  several  validation 
experiments  have  been  conducted.  The 
technique  for  rock  geologies  is  under 
development  and  several  small  cale 
exploratory  experiment.^  have  L...en  conducted, 

This  paper  will:  (1)  describe  the  flyer  plate 
experimental  technique,  (2)  describe  the 
theoretical  model  for  the  dry  soil  flyer  plate 
technique  and.  (3)  present  selected  results  of 
dry  soil  flyer  plate  experir..ents . 


DESCRIPTION  -  SOIL  FLYER  PLATE  EXPEL I.MENTAL 
TECHNIQUE 

The  experimental  configuration  for  the  dry 
soil  flyer  plate  technique  is  shown  in  Figure 
1.  The  primary  diagnostic  instrumentation  in 
the  experiment  are  t  ime  -  of  -  arr  i  val  (TOA)  pin.s 
located  immediately  above  the  soil  test  bed 
surface  for  determination  of  flyer  plate 
impact  velocity,  TOA  .switches  tJie 

determination  of  shock  velocity  as  a  function 
of  depth  in  the  soil,  and  soil  strain  cans  for 
the  determination  of  peak  strain  as  a  function 
of  depth  in  the  soil  test  bed.  The  explosive 
charge  is  initiated  with  a  multipoint  firing 
system  where  the  spacing  between  initiation 
points  is  not  greater  than  the  charge 
thickness.  The  quantities  of  explosive  needed 
to  produce  the  desired  plate  velocities  were 
determined  using  Gurnev  i-quation  (Ref  1.2; 
predictions  and  the  results  of  a  series  of 
plate  velocity  calibration  expi  r  i  meiU  .s  using 
small  plates.  A  polystyrene  foam  buffer  is 
placed  between  the  explosives  and  the  flyer 
plate  to  prevent  spallation  of  the  plate  In 
our  experimental  program,  wc  have  determ'ned 
that  it  Is  important  to  obtain  a  se-^l 

between  the  concrete  .svipport  ling  itid  the 
flyer  plate  to  prevent  blow-bv  gases  from 
triggering  TOA  switches  prematurely.  An  air 
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shock,  which  is  driven  by  the  flyer  plate,  is 
compressed  to  high  pressure  due  to 
reverberations  between  the  plate  and  test  bed 
surface  and  a  precursor  is  produced  in  the 
soil.  However,  calculations  by  Southwest 
Research  Institute  (SwRl)  and  our  own  studies 
(Ref  3,4)  indicate  that  the  precursor  is 
significant  only  in  the  first  few  centimeters 
of  the  soil,  after  which,  it  is  overtaken  by 
the  main  shock  generated  by  the  impact  of  the 
flyer  plate  with  the  soil. 

One  problem  encountered  was  that  following 
each  experiment,  the  plate  would  be  found  with 
the  outer  portion  bent  upward.  Bending 
occurred  because  of  the  reduced  loading  from 
the  explosives  around  the  outer  portion  of  the 
plate  caused  by  edge  rarefactions.  This 
situation  was  remedied  by  adding  a  guard  ring 
around  the  plate  which  prevented  coupling  of 
shear  and  bending  loads  to  the  center  plate. 
This  technique  was  successful  in  eliminating 
the  bending  problem. 

THEORETICAL  MODELING  -  SOIL  MATERIAL 

The  nomenclature  for  development  of  the 
theoretical  model  for  a  dry  soil  testbed  is 
described  in  Figure  ?  where-  conditions  before 
and  after  impact  are  defined,  Ve  treat  onlv 
the  one  •  dimens  ional  a.'spects  of  the 
phenomenology  in  the  theoretical  development, 
i.e..  edge  effects  are  ignored  In  the  actual 
experiment  design,  coiisideratior.  must  be  given 
to  two-dimensional  flow  effects  Induced  by  the 
-  g,*..  t  tiici^  tiie.  ass  i-impt  i  ons 

made  in  the  one  •  d  inien.s  i  ona  1  modeling  are  still 
applicable  Resell  r.s  of  two-dimensional 
calculations  performed  by  SWRI  (Ref  3) 
indicate  that  i  ri  the  central  portion  of  the 
soil  test  bed.  ovit  to  approximately  one-half 
the  plate  radiu.s.  the  flow  field  remains 
essentially  ono - d imens i onal .  even  to  late 
tinie.c.  This  i.s  clue  primarily  to  the  confining 
effects  of  the  native  soil  outside  the  test 
Ijed.  Thus,  the  primary  design  con.sideratlon 
for  determiniiig  pluti*  diameter  is  that  it  must 
be  large  (uiough  so  that  all  the 
Inst  ninentat  ion  in  tlie  .soil  can  oe 
converient  1 V  plrict-d  in.sidi-  a  circle  that  ha.s  a 
radius  of  one -half  that  of  th»-  pl<ate  and  is 
centc-r'i'd  if,  the  soil  test  h>6. 

The  total  rrona- ru im  per  vru  t  area  of  the  flyer 
elate  i.s  simplv  the  ma  s  per  unit  .area  of  the 
plate,  ,  rime.-,  its  impact  velocity.  . 
i'sing  cc'nservat  '  an  of  momentum  and  assuming  a 
locking  .soil  model  <.no  strain  recoverv)  .  the 
m, omentum  pe^-  unit  -rea  .at  .some  time  after 
plate  impact.  c<in  be  txprt-.s.sed  <0: 


where 

i.s  the  soil  pre.shockcd  den.sity, 

X  is  thf-  shock  po.sition  in  the  .soil 
relative  to  the  impact  surface,  and 

u  is  the  .soil  particle  velocity  behind 
the*  shock 


Solving  for  u  in  Equation  (1) 
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Note  that  through  Equation  (2),  u(x)  can  be 
determined  by  knowing  only  the  preshock  soil 
density  and  the  plate  impact  velocity. 

Through  soil  shock  TOA  data,  t  (x> .  or  soil 
strain  data.  c(x),  or  by  knowing  the  soil 
model  in  terras  of  shock  velocity,  c.  versus 
particle  velocity,  u,  the  remaining  parameters 
that  characterize  the  stress  and  motion  field 
in  the  soil  can  be  determined.  Any  two  sets  of 
data  will  provide  a  solution,  thus,  fo^*  the 
four  data  sets  there  are  six  independent 
solut ions 
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The  remaining 

equations  required  to  completely 

de5.cribe  the  stress  and  motion  fic-ld  are 
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a  gage  location. 

impulse  at  th.e  soil  surface. 

impulse  at  a  gage  location, 

soil  stres.s  at  the  shock  front. 

soil  stiain  a*  the  shock  front, 

soil  stres.s  at.  the  impact  surface, 

soil  stiu  ss  at  a  gage  location. 


The  locking  soil  model  is  the  key  to  the 
simplLcit.y  of  this  technique.  This  model 
assumes  that  the  soil  is  compressed  to  its 
maximum  strain  state  bv  the  shock  wave  and 
that  only  an  ins i gn i f lean t  amount  of  strain  is 
recovered  during  and  after  unloading  A 
result  of  the  locking  .soil  model  assumption  is 
chat  every  soil  particle  behind  the  shock 
front,  as  well  as  the  flyer  plate,  is  moving 
at  the  same  velocity.  The  time  at  which  a 
stre.ss  and  m<>tion  state  exists  at  any  point  in 
the  test  bed  i.s  determined  expliritlv  through 
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the  TOA  data,  or,  if  that  is  not  avaiKhle, 
t  (x)  generated  through  any  two  sets  of  the 
o^er  data  (such  as  plate  velocity  and  soil 
strain  data) . 

A  review  of  strain  versus  depth  data  collected 
in  numerous  dry  soil  flyer  plate  experiments 
suggested  that  the  variation  was  linear.  We 
assuime  the  lii^ear  re  latioti.ship  shown  in 
equation  (9)  where  and  are  constants. 

€  =  Cq  C^x  (9) 

We  now  derive  the  functional  form  for  t  (x) 
based  on  Equation  (9).  Substituting  for  u  in 
Equation  from  Equation  (2),  equating  with 

Equation  (9)  and  »'hen  solving  for  c,  we  obtain 


(M^  +  03X)(Cg  +  C^x)  (10) 

or  as  expressed  in  reciprocal  form 
1  dt  (H  +  x)(C„  +  C.x) 

"  3  *"  -  _ -a  — -  w _ 1  V  -  . 

c  dx 


soil  shock  wave  t  ime  •  o  f  -  a  r '■  i  va  1  and  .soil  peak 
strain,  to  d€*velop  methods  for  placing  the 
soil  in  tfie  test  bed  in  a  controllable, 
reper fable  manner  and  to  validate  gages. 
Experiment  FP  8-3  was  the  third  2.44-ra  (S-ft) 
diameter  te.st  and  the  first  to  be  extensively 
instrumented  with  a  full  compliment  of 
diagnostic  i  nst  rumen*  at  i  cjh  .  In  addition, 
several  types  of  stress  and  motion  gages  were 
placed  in  the  test  bed  for  purposes  of 
evaluation  and  calibration  MIPV  data  from 
the  FP  4-10  experiment  wt-re-  also  selected  to 
show  it's  comparison  with  the  model.  Posttest 
measurements  of  two  MIPV  records  from  FP  4-10 
and  the  res<.iics  of  Solution  a  are  plotted  in 
Figure  3  anil  show  very  good  agreement.  The 
rest  of  the  brief  analv'sis  presented  here 
describes  the  result.?  of  the  FP  8-3  experiment 
and  compare.?  those  results  with  the 
theoretical  model  presented  above.  Diagnostic 
instrumentation  fieldcri  in  FP  8-3  is  described 
in  Reference  6.  Data  obtained  with  the 
diagnostic  instrumentation  resulted  in  a  good 
decerrainat ioTt  of  flyer  plate  impact  velocity 
(474  m/s),  shock  front  t i me  -  of  -  arrival  versus 
depth  and  p‘<ak  soil  strain  versus  i^epth.  The 
nominal  soil  density  w.^s  1483  kg/m'  and  the 
steel  flyer  plate  was  ♦.;)72  cm  chick. 


Ground  shock  t ime  -  o f  -  a r i' i  va  1  versus  depth  data 
are  shown  in  Figure  9  with  a  third-degree 
polynomial  fit  to  the  data.  The  soil  strain 
versus  depth  data  are  shown  in  Fig’.:rr-  8  with  a 
linear  fit  to  the  data.  All  data  shown  in 
Figures  4  «ind  b  are  for  gage  locations  within 
a  radius  of  0  61  m  from  the  centerline  or  tne 
test  bed. 

Since  three  i  r;deptjndeTU  set..?  oi'  data  were 
obtained  r  i  x)  .  r  t  x  rj  ,  there  atu-  three 

independent  solutions  lur  determirjing  the 
stress  and  motion  fields  In  the  test  bed.  The 
solution  dura  .se^s  ustrd  will  be  referenced,  a.s 
before,  in  the  CollowiT^g  wav 

Solution  1  using  f  t  (>:)  data  sets 

So’iu*  Lon  2  u.sing  ^  'i.x)  data  set.s 


- _ 

3M  V 
‘‘f  f 

bfjuatiun  il'/.'i  is  simplv  a  third  degree 
pol’.'p.om  i  a  1  whose  co^*  t  f  i  c  i  ent  .s  can  bi¬ 
de  to  rm  i  nec^  (‘xpli(M'vlv  in  terms  of  the 
pai'.ime'ers  indicated  or  l»v  use  of  a  polcnomial 
regression  program  applied  to  the  TOA  data. 

m'UU'  '.'etailtd  vun.’c  1  ofan'Uit  of  the  theoretical 
model  as  well  ,i.s  a  lull  dc vi- 1  opment  of  the 
scaling  relationships  are  pi'escnted  in 
Referen<n-  S 

KXPF.P.IMFNTAI.  RnSl’l.TS  DRY  SOfi.  GKOI.OGY 
TESTBFO 

Fight  l./2-m,  f<'’ir  2  aa-m  and  .1.09-m 

diameter  fiver  pla'p  <'xperimonfs  were 
conducted  'luring  the  dev<' ]  opm-  id  phase  of  this 
program.  Th.e  objectives  of  these  experiments 
were  to  devf-lop  the  flv^u  plat«-  launch 
^ecbi^ifjuo.  develop  liiagno.o:  1  r  instrumentation 
for  the  measiurement  of  pla'o  impact  velocity. 


S  o  1  u  I  i  ru'!  F  u  .s  i  fu;  t  (  x  1  ♦  i  (  \  )  data  s  t  s 

Solutions  3.  8  and  6  i  rr.’v  i  ve  c(u)  which  wa.s 
not  deteniiined  i  r.dependc  r;  t  I  v  in  this 
experiment . 

Figurvs  6.  .  8  and  dc  sc  r  i.b«-  the  stress  and 

motion  field  in  the  test  l.>ed  for  the  three- 
solutions  iirdicati‘d.  Fic,vux*s  h  aval  '  show  the 
a  t  tenuat  i  <'n  of  peak  particle  vt-ltu'itv  and 
stres.s  witli  depth  In  Figure  6,  solutions  1 
and  ?  are  id.entical  Ini  .'olof  itv  vi  rsus  depth 
The  liighev  velocity  ir>di'at^'d  !'\  .solution 
should  >>e  treated  with  less  c on f  1  cl-,- lu'e  than 
solutions  i  and  ?  wlnhf;  .ire  de  t  e »  n,  i  n.ed 
dir«-ctly  from  the  mom*ntiun  eiju.ttion  In  Figure 
7  at  '^epth.s  below  appv'x  i  mat  e  1  v  H  10  la  (siress 
below  400  MPa'i.  verv  c'V'd  .irretmrnr  is 
ohsetved  between  ail  rinee  solutions.  Soil 
particle  velocitv  ver  us  time  is  sF.own  in 
Figure  8.  Thi-  time  hiv’orv  of  particle 
velocitv  at  sc-me  depth.  !cu'  instance  at  a 
velocitv  gar.e  lo<  iti<u\,  ^  an  he  de’ermined  by 
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figure  3  MIPV  Data 
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simply  noting  the  arri.-al  tiiiie  of  tb.*r  shock 
front  at  rh.it  depth.  Again,  below 
approximately  0.10  rn  in  depth,  the  three 
solutions  are  in  '/eiy  good  agreement.  Note 
that  since  the  soil  is  ron.sidered  to  he  in 
rigid  body  motion  behind  the  shock,  motion  in 
the  test  bed  is  completely  described  by  Figure 
8. 

Soil  stre.ss  versus  time  i  .s  shown  in  F'igure  9 
for  a  gage  deptVi  of  0  181  m  winch  correspond.s 
to  trie  depth  at  which  fiatpack  stress  gages 
were  placed.  Not.  that  thure  is  Vc-ry  lit'le 
difference  in  the  .stir^.s.s  waveforms  tor  t.. 
t'.iree  solution.^  if  rhe  t  i  m.' -  o{  -  avr  i  va  I  shift 
is  accounted  foi  . 

Pos  I  t es  t  analysis  ca  .  c  1 1  ri t  i  .a:s  ^I'.d 
con  espond*  ng  st.res.s  rrcoi  ds  are  showj.  in 
Figures  10,  11  and  ]?  tor  one  liRSF.  gage  and 

two  CBS  gages  placecl  at  O.Vl  m  depth.  The 
peak  value.s  agieo  extrem.-lv  well.  Bec.iuse 
t.hiTA'  gages  vcro  lo-lativeiv  <’ee|>.  t  he 
calculation  beror.v  i i '-a.^  i  ngl  v 

unreliable  sf.ortlv  af*e:-  rn*-  p.-uk  val’.ie  is 
r  f-  a  <’  h  e  d  , 
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Ed  Seusy.  thirough  his  insight,  gave  birth  to 
this  con.crept  and  provided  kev  guidance  along, 
the  way. 

Kei“.  Bell.  Ken  Havens  and  day  )atj..c  ‘-Vw 
Mexicro  Eiig  i  n.-f- r  i  ng,  Re'itnu'h  Instiii.ite 
performed  the  expe !' i men' s  and  provided 
ingenuity  ir;  the  design  ot  measuremc  n.r  syst.  ms 
and  the  int e i  pre' at  i  i  of  expt- r  i  men' a  1 
rer.ul  t  s 
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"Performance  Evaluation  of  Piezoelectric  Accelerometers  Using  a  FFT  Based  Vibration 
Transducer  Calibration  System" 

Ernst  Schonthal  and  Torben  R.  Licht 

Verification  (calibration)  of  the  useful  frequency  range  of  a  piezoelectric 
accelerometer,  are  traditionally  performed  by  the  point-by-point  method  or  by  the  swept 
sine  excitation  method. 

With  the  point-by-point  method  time  restraints  normally  permit  only  a  limited 
number  of  points  to  be  verified,  whereby  irregularities  in  the  sensitivity  versus  frequency 
are  easily  missed.  With  the  swept  sine  excitation  method  limitations  in  penand  sweep 
speed  may  result  in  poor  resolution  and  important  information  may  be  lost. 
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PERFORMANCE  EVALUATION  OF  PIEZOELECTRIC  ACCELEROMETERS  USING  FFT  BASED 
VIBRATION  TRANSDUCER  CALIBRATION  SYSTEM 

Q:  Ray  Reed  (Sandia  National  Laboratories):  The  part  I  missed  in 

your  talk  -  you  are  applying  the  FFT  -  how  were  the  accelerometers  ex¬ 
cited  and  to  what  G  level;  were  they  excited  by  impulse,  or  were  they 
excited  by  random  excitation? 

A;  Ernst  Schonthal :  Random  excitation  and  at  about  2  g's. 
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DESCRIPTION  -  PREAMPLIFIER/DIGITIZER 


The  signal  conditioning  circuitry  of  the 
DCT-521209  provides  the  two  telemetry 
channel  outputs;  the  step  output,  which 
yields  the  whole  G  increments  In  steps  of 
0.156  V/G  and  the  vernier  channel,  which 
yields  the  magnified,  fractional  G  levels 
which  vary  from  0  to  5  V,  depending  on  the 
step  level  and  accelerometer  signal. 

The  operational  sequence  of  the  DCT  signal 
cotid  i  t  ion  i  ng  circuitry  begins  at  the  servo 
accelerometer,  described  earlier.  The 
output  of  the  accelerometer  is  fed  through 
a  buffer/inverter  with  a  gain  of  -1.  The 
buffer  effectively  isolates  the  condition¬ 
ing  circuitry  from  the  servo  section  and 
performs  a  voltage  inversion  necessary 
for  proper  operation  of  the  difference 
amplifier.  See  Figure  2  for  functional 
block  diagram. 

The  difference  amplifier  consists  of  a 
summing  nodi*  at  the  inverting  input  of  a 
low  noise  operational  amplifier.  The 
signals  to  be  summed  are  the  inverted 
servo  output  and  the  non  inverted  step 
channel  output.  The  difference  voltage 
generated  at  the  input  of  the  difference 
amplifier  is  magnified  d  v  a  f  a  c  t  o  r  of  16. 
This  amplified  difference  signal 
represents  the  vernier  output  of  the  DCT. 
The  amplifier  is  biased  such  that  if  the 
servo  input  and  the  step  output  are 
exactly  equal,  the  output  of  the  amplifier 
is  2  .  5 GO  V  .  W li e n  the  servo  voltage 
iniireast'S  to  a  maximum  +IG  level  above  the 
step  output,  the  difference  voltage  of 
.156\’  Is  amplified  by  16  and  added  to  the 
2.500  bias,  yielding  a  5.000  V  full 

scale  'Mitput.  Conversely,  when  the  servo 
'utpnt  It  age  increases  to  a  maximum  -G 
heh5w  the  step  output,  the  differ- 
'•  n  I  e  V  (.W  I  a  c,  e  -■>  f  0,156  is  a  m  p  1  i  f  i  e  tl  b  v  16 
1  n  -  i  subtracted  from  (or  a  1  i’  !•  r  a  i  r  a  i  1  v  a  d  d  e  d 
to)  t  h  •-*  2  .  5  0  T)  V'  zero  bins,  yielding  a  0  V 

('  11 1  p  u  r  . 

1  ii  e  u  t  [1  M  '  of  the  d  f  e  r  e  n  <’  e  a  m  j>  1  1  f  I  e  r 
( V  i‘  r  n  i  r  -  m  p  ij  t  )  is  fed  to  the  input  »■>  f 
tlo'  wiuJ'-'v.’  c  o  m  p  a  r  i  1  r  .  Tlir  window 
c  o  ri'  p  ,1  r  i  t  c  r  .)  c  t  u  a  1  1  v  c  c>  n  s  i  s  t  s  of  t  wo 
d  i  s  r  i  n  c  t  v  v'  1  t  a  g  c  o m p  a  r  i  t  o  r  s  ,  one 
r  «'•  f  t,- r  n  r  c  (!  to  5.00  V  and  the  other 
r  r-  r  o  r  p  n  c  e  d  t  o  "  near  ground"  p  ('  t  e  n  t  i  a  I  . 
d’lu  n  t  to  vernier  output  reaches  .a  5.00  V 
I  (>  V  ('  1  ,  t  !i  e  output  f  the  5  V  r  omp  n  r  i  t  o  r 
p  o  C' s  from  a  n  o  r  n  a  1  1  v  "  h  i  g  li  "  state  to  a 
I  ' '  w  St  a  (  e  .  Wh  n  the  vernier  output  falls 
the  5  .  on  V  trigger  level  ,  the  out 
put  of  the  5  V  comparitor  returns  to  Its 
”  h  i  V’  h  "  state.  Similarity,  the  o  p  e  r  a  t  i  on 
of  f].,'  f)  V  cemraritor  is  e  x  a  r  t  1  v  tlie  same 
as  that  of  tile  5  V  comparitor. 

T!ie  output  of  tile  window  comparitor  is  fed 
^  '  f  h  1  o  i  (•  s  e  r  t  i  o  r.  .  Tli  e  5  V  •  -  om  p  a  r  i  I  o  r 
output  is  fed  to  the  up  line  of  t  li  e  logic, 
while  the  ' '  V  c  o  m  p  a  r  i  t  o  r  o  tj  r  p  u  t  is  fed  to 


the  down  line.  When  the  count  up  line  of 
the  logic  section  is  made  low  by  the 
action  of  the  window  comparitor,  a  free 
running  astable  multivibrator  clock  is 
fed  to  the  count  up  section  of  a  5  bit, 
full  binary  counter.  The  action  of  the 
count,  down  line  is  similar  to  that  of  the 
up  count  line;  when  the  0  V  comparitor 
goes  low,  the  clock  pulses  are  routed  to 
the  down  count  line  of  the  counter. 

The  binary  word  of  the  counter  Is  fed  to 
the  input  of  the  Digital  to  Analog 
converter  which  generates  a  voltage 
corresponding  to  the  binary  output  word 
of  counter  section.  The  output  of  the 
DAC  ran  range  from  a  high  of  5  V  to  a  low 
of  0  V,  in  a  series  of  32  discrete  levels 
or  steps  or  0.156  V/step.  This  JAC 
output  voltage  represents  step  output 
signa  1  . 

The  overall  function  of  the  window 
comparitor,  counter  and  the  DAC  is  to 
quantize  the  servo  accelerometer  output 
into  discrete  0.156  (Ig)  steps.  The 
quantized  servo  accelerometer  output  is 
fed  back  to  the  summing  node  of  the 
difference  amplifier,  thus  completing  the 
loop. 

SUMMARY 

C<'>lumhir.  Research  Laboratories,  Inc.  has 
devised  and  implemented  a  method  of 
re<laimlng  Inherent  transducer  accuracy 
in  a  telemetering  system.  Attached  in 
the  appendix  is  a  specification  sheet 
which  defines  the  system  as  applied  to  a 
linear  acceleration  treansducer.  This 
particular  device  has  been  fully  qualified 
for  use  in  military  missile  systems  where 
ruggednoss,  inherent  reliability  and 
environmental  stability  are  essential  to 
mission  success. 

The  technique  can  be  readily  applied  to 
anv  transducer  that  has  a  zero  to  5  Volt 
output  s  p  .1  n  . 
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SYSTEM  SPECIFICATION: 


ACCEI.'-'P^YTION  R,\NCF,  (base  channel) 
(vcrnltr 

INPL'T  POWER 

BASK  CilANNEL  SCALE  FACTOR 
BASE  CfbYNNEL  BIAS 
VERNIER  SCALE  FACTOR 
VERNIER  BIAS 

ANALOG  CHAN’NF.L  SCALE  FACTOR 
ANALOG  CHANNEL  BIAS 
ALIGNMENT 
ACCURACY 

ACCELEROMETER  SPECIFICATION: 

RESPONSE 
DAMPING  Ry^TIO 
H’ISTKRFSIS 
RIS'iLUTluN 

N''N-r:-pkatahi  irn 
I  N  : '  i. 

I  A.':  1  s  SEN  ,  LIT  VI  TV 


-T4g  to  +8g  (0  to  4.8VDC) 
tig  (0  to  4.8VDC) 

+25VDC  to  +31VDC 
300  7\A  Max. 

0.1563  Volt  Steps/g 

3.75VDC  @  Og 

2.50  Vo  1 1 s/g 

2 . 50VDC  (S'  Cg 

Gj .  1  56  3  Vol  t  s/g 

3 . 7  5VDC  0  Og 

tl°.  Case  To  True  Sensitive  Axis 

10.2X  Full  Range 
(Exclusive  Of  Te jperature) 

0  To  Full  Scale,  0.01  Sec  Max 

1.0  Of  Critical,  Min 

t0.02T  FR  Max 

to.  000  IT  KR  .Max 

O.Olf  FR  Max 

2 .  niVrms  Rax  (0  'o  i  OoH,’.) 
0.0()Vg/g  M.<'X 

•I'.un'C;  EH''  F  (ub'^E  ‘  2'’)'‘E) 
•O.OIU"  1  H  '''f  (  -4f  ”f  to  ♦  lOil'  Fi 


SIZE 

CODE  IDENT.  NO. 

DRAWING  NO.: 

COLUMBIA 

MMAnCH  L^aOAATOMia.  MC. 

A 

07571 

SCALE;  ~  1 

SHEET;  0^4 

KNV  I  Rl^x:-;ntal  S  F  RC  I  F  i '  at  I  an  : 


trfu  ffatfff,  i)Pr.!^v: 

TFMFKRATVR.K,  STFKA';.K 
I  FRATIi'N 
sfFR.F 

ATT  I  TUFF 
TT  IKTTFr  :-:RAN;.h 
-'F  TPAT  I  N”  TIFF. 
.TTRA'-F  Lii'F 


“ A  u  F  to  +  F  ‘  J  T  r 

I ■ig  pk  5  to  2  000HZ 

60g  pk,  5.“)  n-.sec  rl.si-  t  imu , 
11  msec  du  rat  Ion 

+  J  ATM  to  !  Aij ,  OO*  i  :  i  , 

Per  MlL-ST,T-d2T 

20f.  lira  Min 

O.IT  F'R  may./yT,  yr  min. 


-  Ks. 

A 

ir^ 

£; 

P 

vD 


r  jvj^-r^okj 


OO" 

-Te?  OJT 

OJ' 

■" '^£3 'v. >-* 

1  &  V  c>  —  ^ 

xa^=-^  6er'jup' 


-O  A-  '' 


I 

> 


H— - - - 

^COLUMBIA 

wAtJWAlOW,  true. 


azE 

CODE  lOENT.  NO. 

DRANING  NO.: 

II 

A 

07571 

■  ir''  ■  ‘4-  ,  ; 

1 

SCALE:  -- 
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AN  INCREASED  ACCURACY,  DUAL  CHANNEL  TELEMETRY  ACCELEROMETER 


Q:  Wes  Paulson  (NSWSES):  I  think  you've  answered  my  main  question, 
that  is,  you  do  have  one  accelerometer  but  two  outputs? 

A:  Robert  Hartzell:  Right. 

Q:  Wes  Paulson:  Okay  and  that's  to  protect  yourself.  The  noise 
source  that  you're  protecting  yourself  from  isn't  any  non-linearity  in 
the  accelerometer  but  it  would  be  in  the  transmission  channels? 

A:  Robert  Hartzell:  Right,  it’s  t-he  link  itself  that's  causing  the 
error  or  not  allowing  the  inherent  accuracy  of  the  accelerometer  in 
the  first  place . 

Q:  Wes  Paul.son:  What's  the  approxim.ate  dynamic  range  of  the  link  it¬ 
self  that's  causing  the  error  or  not  allowing  the  inherent  accuracy  of 
the  accelerometer  in  the  first  place? 

A:  Robert  Hartzell:  The  link  that  the  Army  was  using  was  250  counts 
full  range,  so  it  was  like  138  millig’s  of  inherent  accuracy  and  this 
technique  takes  you  down  to  about  eight  millig's  and  32  g's  full 
scale.  And  again  that's  not  the  limit  of  the  accelerometer  itself. 
That  was  the  test  data  that  they  needed.  The  accelerometer  we  used  in 
the  system  has  an  inherent  accuracy  less  than  3  millig's. 

Q :  Roger  Noyes  (EG&G):  When  you  mean  accuracy,  perhaps  do  you  really 
mean  resolution? 

A:  Robert  Hartzell:  Well,  resolution  and  accuracy  basically  is  a 
function  of  the  suspension  of  the  mechanisrri.  Different  m.anuf acturers 
use  different  mechanisms  and  that's  what  they  market. 

Q:  Roger  Noyes  (EG&G)  ;  I  '  rti  referri.ng  mors  tc  pur~  tciu.io  than  your 
particular  unit  because  it  sounded  to  me  like  you  were  increasing  your 
resolution  thereby  increasing  your  accuracy  based  on  the  inherent  ac- 
'-uracy  of  your  device.  But  it  re.ally  sounded  to  me  like  you  were  only 
increasing  your  resolution  of  the  systemi? 

A;  Robert  Hartzell:  That’s  correct.  You're  not  increasing  the 
resolutior.  of  the  accelerometer. 

Q:  Peter  Stein  (Stein  Engineering)  :  That  system  ought  to  be  ap¬ 
plicable  to  ether  transducers  and  acc*^  1  er  ome  t  er  s  as  a  general  prin¬ 
cipal,  do  V’  u  have  any  plans? 

A:  Robert  Hartzell;  We  offer  the  technique,  in  the  paper  we  say  that 
we  haven't  done  it  ye*:.  But  it  is  as  I  mentioned,  anything  that  would 
have  a  zero  ro  five  volt  span  will  be  applicable.  And  Columbia,  I’m 
sure,  wcuxd  re  willing  to  offer  the  bey  for  a  uomiinal  fee. 


A  MICROWAVE  TRANSDUCER  FOR  MEASURING  PISTON  AND  PROJECTILE 
VELOCITIES  IN  A  TWO-STAGE  LIGHT-GAS  GUN 


L.  Nappert 

Defence  Research  Establishment 
Valcartier 

Quebec,  Canada,  GOA  IRO 


ABSTRACT 

A  microwave  transducer  has  been  developed  and  in¬ 
corporated  to  a  Michel  son  type  microwave  inter¬ 
ferometer  system.  The  instrument  enables  the  si¬ 
multaneous  measurement  of  the  velocity  of  the  pis¬ 
ton  and  projectile  in  the  pump  and  launch  tubes  of 
a  two-stage  light-gas  gun  (LGG).  The  transducer 
is  used  to  couple  the  microwave  energy  in  and  out 
of  the  pump  and  launch  tubes,  without  interfering 
with  the  projectile  motion.  The  development  of 
the  microwave  transducer,  its  working  principles, 
as  well  as  its  important  electrical  and  mechanical 
characteristics  are  discussed.  The  signal  condi¬ 
tioning  performed  and  the  data  acquisition  system 
used  with  the  transducer  on  the  two-stage  LGG  of 
the  Defence  Research  Establishment  Valcartier 
(DREV)  are  described.  Typical  experimental  sig¬ 
nals  recorded  during  firings  of  the  LGG  are  shown. 
The  piston  and  projectile  velocities  calculated  by 
processing  these  signals  are  presented.  !t  is 
shown  that  these  results  correlate  well  with  data 
obtained  from  different  transducers  (pressure  and 
strain)  mounted  on  the  LGG. 

INTRODUCTION 

The  Defence  Research  Establishment  Valcartier 
(DRFVl  is  equipped  with  a  250/105-mm  two-stage 
light-gas  gun  capabi®  of  accelerating  kilogram- 
class  projectiles  to  velocities  exceeding  5  km/s. 
This  facility  is  currently  used  for  studying  hy¬ 
pervelocity  impact  and  penetration  phenomena  under 
controlled  conditions.  Recently,  a  detailed  math¬ 
ematical  model  describing  the  physical  phenomena 
associated  with  tne  internal  ballistic  cycle  of 
two-stage  light-gas  guns  was  developed.  To  vali¬ 
date  this  mathematical  model  and  its  related  com¬ 
puter  program,  an  experimental  program  was  under¬ 
taken  whose  objective  was  to  measure  gun  perform¬ 
ance  during  firing. 

The  displacement  and  velocity  of  the  piston  and 
projectile  inside  the  pump  and  launch  tubes  of 
two-stage  light-gas  guns  are  important  data  that 
characterize  their  internal  ballistic  cycle.  Mi¬ 
crowave  interferometry  provides  a  useful  method 
for  obser'/ing  the  motion  of  the  piston  and  projec¬ 
tile  during  their  travel  through  the  pump  and 
launch  tubes  respectively.  One  of  the  most  impor¬ 
tant  components  of  a  microwave  interferometer  sys¬ 


tem  for  interior  ballistic  measurements  is  the  mi¬ 
crowave  transducer  used  to  couple  the  microwave 
energy  in  and  out  of  the  pump  and  launch  tubes. 

First,  this  paper  briefly  explains  the  operation 
of  the  DREV  two-stage  light-gas  gun.  Then  the 
experimental  arrangement  setup  to  obtain  simulta¬ 
neously  the  dynamics  of  the  piston  and  projectile 
is  described.  Afterwards  the  design  of  the  micro- 
wave  transducer  is  explained  in  detail  and  its 
electr’cal  performances  are  presented.  Finally 
some  experimental  results  are  shown  and  the  corre¬ 
lation  with  other  data  obtained  from  different 
sensors  mounted  on  the  gun  is  briefly  discussed. 

PRINCIPLE  OF  OPERATION  OF  THE  LIGHT-GAS  GUN 

The  DREV  two-stage  light-gas  gun  is  schematically 
illustrated  in  Figure  1.  The  pump  tube  is  about 
12  m  long  with  an  inner  diameter  of  256  mm.  The 
launch  tube  is  roughly  21  m  long  with  an  inner 
diameter  of  110  mm.  The  principle  of  operation  of 
a  two-stage  light-gas  gun  is  explained  in  detail 
in  the  literature  (1)  and  can  be  demonstrated  by 
describing  a  typical  launch  cycle. 

The  operation  starts  with  the  ignition  and  burning 
in  the  combustion  chamber  of  solid  gun  propellant 
(first  stage).  The  hot  gases  generated  from  this 
combustion  process  drive  the  piston  into  the  pump 
tube  (second  stage),  which,  in  turn,  compresses  a 
light  gas,  usually  helium.  A  diaphragm  is  used  to 
isolate  the  projectile  from  the  light  gas.  When 
the  light  gas  is  compressed  to  a  given  pressure, 
the  diaphragm  ruptures  and  the  compressed  gas  ac¬ 
celerates  the  projectile  down  the  launch  tube. 
The  piston  is  stopped  in  the  area-change  section 
between  the  tubes.  The  high  velocity  is  achieved 
by  the  increased  speed  of  sound  in  the  light  gas 
at  the  higher  temperature.  The  physical  limits  to 
projectile  velocity  are  set  by  the  speed  of  sound 
in  the  gas  and  dissipative  losses  in  the  flow. 
The  engineering  limits  are  set  by  the  stresses  in 
the  orojectile,  in  the  combustion  chamber  and  in 
the  area-change  section. 

The  performance  of  the  launch  cycle  is  controlled 
by  varying  the  amount  of  gun  propellant,  the  mass 
of  the  piston,  the  initial  pressure  of  the  helium, 
the  diaphragm  rupture  pressure,  and  the  mass  of 
the  projectile. 
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INTERIOR  BALLISTIC  MICROWAVE  INTERFEROMETRY 

The  idea  of  using  microwave  i  nterferometry  to 
measure  the  interior  ballistics  of  light-gas  guns 
is  not  new.  In  the  late  1950s,  Pennelegion  (2) 
used  a  microwave  technique  to  measure  piston  dis¬ 
placement  and  velocity  in  a  hypersonic  gun  tunnel. 
Since  that  time,  several  laboratories  (3,  4)  have 
reported  microwave  measurements  of  projectile  kin¬ 
ematics  inside  the  launch  tube  of  light-gas  guns. 
At  DREV,  a  microwave  intei^ferometer  has  been  de¬ 
ployed  in  its  Terminal  Ballistics  Facility  since 
1982  (5). 

Figure  2  illustrates  schematically  the  experimen¬ 
tal  setup  used  at  DREV  to  measure  simultaneously 
the  kinematics  of  the  piston  and  projectile  during 
their  acceleration  in  the  pump  and  launch  tubes 
respectively.  In  the  arrangement  shown,  both 
tubes  must  be  viewed  as  waveguides  of  circular 
cross  section,  and  the  piston  and  the  projectile 
as  moving  boundaries  inside  the  waveguides. 

The  operation  of  this  interferometer  can  be  summa¬ 
rized  as  follows;  The  output  power  of  the  micro- 
wave  oscillator  is  split  into  two  waves,  one  is 
kept  as  reference  and  the  other  is  used  for  meas¬ 
urement.  The  later  is  sent  to  a  microwave  trans¬ 
ducer  which  excites  an  electromagnetic  wave  in  the 
launch  tube.  This  incident  travelling  wave  propa¬ 
gates  down  the  launch  tube  where  it  is  partially 
reflected  by  the  projectile  which  is  designed  to 
be  semi-transparent  to  microwaves.  This  semi- 
transparency  is  necessary  in  order  to  observe  the 
ration  of  the  piston  in  the  pump  tube  simulta¬ 
neously  with  that  of  the  projectile.  The  trans¬ 
mitted  wave  in  the  projectile  propagates  in  the 
pump  tube  where  it  is  almost  totally  reflected  by 
the  piston  which  has  its  front  face  coated  with  a 
thin  al umi num  foi 1 . 

It  trust  be  noted  that  the  path  length  of  the  two 
reflected  waves  changes  as  the  piston  and  the  pro¬ 
jectile  move.  Furthermore  these  two  reflected 
waves  combine  by  addition  to  form  a  single  wave 
that  is  picked  up  by  the  microwave  transducer  and 
mixed  with  the  reference  wave  of  the  interfero¬ 
meter.  The  reference  wave  is  a  fraction  of  the 
original  output  of  the  mici'owave  oscillator  and 
this  wave  always  travels  a  fixed  path  length. 

The  output  signal  of  the  interferometer  is  given 
by  a  phase  comparator  which  detectes  the  instanta¬ 
neous  phase  difference  between  the  mixed  waves. 
From  the  theory  of  guided  tiectromagnetic  waves, 
this  output  signal  is  ideally  composed  of  the  sum 
of  two  sinusoidal  functions-  The  argument  o(t)  of 
each  sinusoidal  function  is  given  by  (6) 

u(t)  =  •  z(t)  -  0.  [Ij 

where  z(t)  represents  tie  position  of  the  piston 
or  the  projectile  as  a  function  of  time  and  is 
the  guide  wavelength  in  the  pump  tube  or the 
launch  tube.  'g  is  the  phase  angle  at  the  rest 
position  of  the  piston  or  the  projectile.  Equa¬ 
tion  [1]  indicates  that  o(t)  shifts  by  c.  each 


time  the  piston  or  the  projectile  moves  by  half  a 
guide  wavelength.  This  is  due  to  the  geometrical 
arrangement  of  the  measuring  setup.  The  instanta¬ 
neous  frequency  f(t)  of  each  sinusoidal  function 
is  obtained  by  differentiating  [1]  with  respect  to 
time  (7) 

where  i(t)  represents  the  velocity  of  the  piston 
or  the  projectile.  This  equation  is  the  well- 
known  Doppler  relation.  Its  shows  that  it  is  pos¬ 
sible  to  calculate  the  velocity  of  the  piston  and 
the  projectile  by  extracting  the  instanteneous 
frequency  of  each  sin""^idal  function  from  the 
interferometer  output  signal.  This  is  done  with  a 
signal  processing  technique  that  estimates  the 
spectral  content  of  the  interferometer  signal. 
This  technique  is  explained  later  in  this  paper. 

One  of  the  critical  aspects  of  the  microwave  in¬ 
terferometer  measurement  technique  is  the  design 
of  the  microwave  transducer  used  to  couple  the 
energy  in  and  out  of  the  launch  tube.  The  prob¬ 
lems  of  exciting  waves  in  waveguides  and  of  ab¬ 
sorbing  their  energy  are  usually  not  simple  prob¬ 
lems.  Our  approach  for  solving  these  ones  will 
now  be  described. 

MICROWAVE  TRANSDUCER  DESIGN  CRITERIA 

The  design  of  a  microwave  transducer  involves  the 
selection  of  a  number  of  electrical  parameters  and 
its  intented  use  in  a  gun  environment  imposes  cer¬ 
tain  conditions  on  its  mechanical  design.  The 
first  two  electrical  parameters  to  select  are 

1)  the  propagation  mode  of  the  guided  electro¬ 
magnetic  wave  in  the  launch  and  punp  tubes, 

2)  the  frequency  of  the  electromagnetic  wave. 

The  TE|,  propagation  mode  is  the  dominant  or  fon- 
damental  mode  in  waveguides  of  circular  cross  sec¬ 
tion.  That  means  that  it  has  the  lowest  cutoff 
frequency  f^  of  all  possible  modes  in  a  circular 
waveguide,  which  gives  the  best  spatial  resolution 
at  a  given  frequency.  Furthermore  the  attenuation 
rate  of  the  TE,  j  mode  is  generally  lower  than  that 
of  other  usable  modes  (principally  the  TM. ^  mode) 
and  its  energy  pattern  is  well  distributed  over 
the  waveguide  cross  section.  For  these  reasons, 
the  TEjj  mode  has  been  widely  used  in  interior 
ballistics  microwave  interferometry  (8,  9). 

As  the  frequency  of  the  excited  TEj ,  wave  in  the 
launch  ti  >6  increases,  the  spatial  resolution  of 
the  microwave  interferometer  also  increases  which 
is  a  desirable  feature.  However,  as  the  frequency 
increases,  the  launch  tube  becomes  capable  of  pro¬ 
pagating  other  modes  than  the  desired  TEj^  mode. 
The  practical  problems  raised  by  nultimode  propa¬ 
gation  are  higher  losses  and  distortion  of  the 
i nte'"ferometer  output  signal  produced  by  the  dif¬ 
ferent  phase  velocities  of  the  several  propagating 
modes.  In  certain  cases,  this  distortion  may  be 
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severe  and  could  greatl^y  complicatea  tne  analysis 
of  the  i nterferometer  output  signal.  !n  order  to 
guard  against  nultlmode  propagatio  .  the  freguency 
f-  of  the  electromagnetic  wave  is  chosen  lower 
than  the  cutoff  frequency  f„  of  the  T£., ,  mode 
which  is  the  second  possible  ft  propagation  mode. 
In  other  words,  the  frequency  f^  is  chosen  in  the 
following  frequency  band 


;  tr;:  tr  ir;' riuec-r  Ce  ’'jjjed  .rriougii  to  withstand 
the  pr-‘:,.,urts  anu  r.  co  i  e ''a  ti ons  due  to  the 
gun . 

The  transducer  that  <.a'  designed  witri  the  above 
criteria  in  mi -id  will  'cw,  be  described. 

MICPOiJAVE  TRAtoLnjCER  DESCR 


^c  i 


0 


(  ft.,  :  1 


This  relation  coulo  be  exp-'essod  i  •;  t-er-r, 
radius  r,  of  the  launch  tube  liO, 

A, 

0.293  ,  f  .  G.485 


of  tiie 
[4] 


where  u  and  are  re  spr,;  t  j  ve]y  th,:-  permeability 
and  peniii  tti  vi  ty  of  the  miedium  filling  the  lc..nc''; 
tube  (air).  For  a  tube  witi  an  inner  diameter  of 
ilO  mm,  [4]  aiv-us 


i.'i  'r1Z  '  f  <  2.  h  'iHz  ',51 

Because  the  radius  of  the  pumn  tube  ’s  larger  than 
the  radius  of  the  launch  tube,  '4j  indicates  that 
multimode  propag-i t ion  is  possi-ole  in  tne  first  one 
even  if  only  the  TE,  .  mode  .jxiscs  in  ti.e  launch 
cube.  These  higner' ‘nio('i.s,  if  present,  w;ll  be 
generated  by  the  di sconti nu i ty  created  by  the 
area-reduct i on  section  br.tween  tiio  tubes. 


■^he  third  eiectrical  parameter  ti,  cons'de-  in  the 
design  of  the  mi.,rowave  tran: duacc  is 

3/  the  m' ; r^wa ve  u  .  -gy  ...ojo’ing  sff:.,iency  of 
tne  t,  ansitjCu' . 


on  of  f  i  c  i  o.' cy  of  loj:  !TV.;ans  that  all  f'C  energy 

available  tr,,i,.  irie  micrcwi'e  estillato-  is  coupleo 
by  tiie  trans.d  .cer  into  ‘die  'auncii  tabu  and  that 
all  the  energy  is  conc-nned  in  the  ’’E.  .  wave, 
bev-ral  ‘ac'i's  ’.ood.i  ar'cct  tne  coupling  effi¬ 
ciency  C  t!  ..  S  ' j'lS  1  I  .rr.  Cuie  o‘  Che  raC'St  imper- 
tan'i  is  t' o  i'.'  -■‘■’'.,.1  i..'.co  to  r-cite  the  'F| 

wa  'f;  in  r.i'r  '  .  .<  from  tlrj  'EM  wave  in  a 

o  ial  id'  i  ■  s  .,'ierrt  trac  sjne  p,bysicai 
ii-rar  jfi’''.:.', j  ..  "  ■"  ..d  f  i  ..'d  .'.u r.  man  the  others 

becoasr  t'l.  ‘'i.'r  ;'>rr,ren  their  elec- 

tri..  S'  :  '.I  .  .  J  ,.j't.'.'ns.  F urtner isor-? 

snm  o'-ra  .  w,.';  i"a;i  .o  sliii(,le  i'liped- 

jnee  "'it:  ■  1  lumr-;-',  thi.  '  lunch  tuor 

..nd  fit;  I  I  IS  iep'O'. !  t  i  ve 

that  '■  n  .1  ,1'.  I  ir;  c  fonp-j  1 1  b  ■  e  with 

the  int'.  I’i—  ‘rsi;  ■  ■’(  a  "t: ,  tn-it  is  the 

i  n  tenner  ,  .  '  '  n  •  -  .e,  ,'j  ...i, '  . 


From  d  iWor  '-ni.;  1  !  ..ni-it  <<  view,  tne  intepded  use 
of  tne  tei'isdueer  -■  ei,  1  s  trip 


Various  rransdneer  con  f  i  gu'- at  i  ons  were  devised 
f r-jiii  whi.th  'omc  prototype's  wOie  build  and  tested 
in  lahoratery  O'-  on  tiie  gun.  Hywev'.r  most  of  them 
wf;i  e  rejecten  b-tciuse  tltey  did  ''ut  nieet  one  or 
more  of  the  required  criteria.  For  example  the 
simplest  transducer  is  .jbtjined  by  employing  a  rod 
at  right  .‘ngie  to  tne  1  .n.)'' tudi  nal  axis  of  the  gun 
tube  and  placed  in  or  gust  in  front  of  the  inuzzle 
opening.  In  fiis  posif  -sr.  tns  red  ccincides  with 
a  line  of  electric  field  intensity  for  the  t'-an"- 
zerse  electrc'!ii..igneti..  wove  am  this  type  of  wave 
dicno  ..an  b<i  excited  in  ‘.nc  tube.  'he  rod  may  be 
fed  fi.oi;i  a  coax’d’  line  a"d  't's  length  adjusted  to 
Obtd'n  a  ma.'i  .iui;,  ent -qy  transfer  mto  the  gun 
tube. 

’’his  simpit;  r.'iPsducer  was  tested  ajring  firings 
of  the  light-gas  gun  ard  as  expected  it  does  not 
demonstrate  me  requ-'red  mechanical  character!  s- 
li'.s.  It  was  i.1esl'*oyed  at  each  firing  of  the  gun 
by  the  shocr  w-wo  jr.act  edi  ng  the  projectile,  pre  . 
venting  the  ik-u si. remen t  of  fie  velocity  of  the 
projectile  dur'ir.g  the  tina'i  part  of  its  travel  in 
the  launch  tube.  Furtnernioi-e  the  mechanical  vi¬ 
brations  prcpaiiating  in  ''le  launch  tube  wall  were 
transmitted  to  the  trsn-s ducer.  These  vibrations 
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the  t’-ansdu  ;p'-  conr  ■  jur  jp- on  and  nl  .icsc.ieii  ■ 
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and 


lommenc ’’ a  M 'V  a'-zai  I -lol  ’  j  .'C-  ‘i  r  uu  ■, i  jl -cnnnector- 
tc  wu'ccgui.!.  .ida,;tC'",  .iC';  uium  to  o  .cite  the  TE, - 
wav  in  tC"  ■  tiTi.i'i  1  j :  wave  Jl,  i  ies  In  these  a- 
dapleru.  tlu;  .en’vr  c.-n-Iuc  tim  jr  ‘o-  coaxial  line 
ex’endi  ■n',.  -u.'r  v.Uo  i-l’j  tl;e  In  ’  de  'fig.  4).  in 
order  tu  ii.'u le-, p  tne  ce'iler'  cunducto''  from  boinq 
d'. -truyed  i'ly  tiic  .iiOcF  n-ive  in  'runt  of  the  pro- 
)t", t'li-  or  P'/  t'lie  hot  gas'cs  behind  it,  tne  rectan- 
ju’uC  wl , ju  I  -  a-'e  c,,  1  t.-ly  TMie-l  wifi  poiye- 


RECTAr-JGUI  AR  WA\/Fr,i  1 1 np c 


i  IGURE  3  -  Transition  from  two  rectangular  wave¬ 
guides  to  launch  tube 


FIGURE  6  -  Normalized  power  propagating  inside  the 
launch  tube  versus  frequency 


•  RECTANGULAR  2  0  2,5  3.0  3,5  4.0 

WAVEGUIDE  FREQUENCY  (  GHz  ) 


FIGURE  4  -  Schematic  drawing  of  a  coaxial- 
connector-to-wavegui de  adapter 


FIGURE  7  -  Normalized  power  radiated  outside  the 
launch  tube  versus  frequency 


FITjURE  5  -  Voltage  standing-wave  ratio  versus  fre¬ 
quency  at  a  coaxial  input  port  of  the 
transducer 


FIGURE  U  -  Normalized  power  coupled  between  the 
rectangular  waveguides  versus  fre¬ 
quency 
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thylene.  This  arrangement  results  in  a  simple, 
rugged  ana  accurate  method  of  supporting  the  cent¬ 
er  conductor.  There  is  an  additional  benefit 
gained  by  filling  the  rectangular  waveguides  with 
polyethylene.  The  cutoff  frequency  f^,  of  the  TEjq 
wave  in  a  rectangular  waveguide  is  given  by  (12) 


2a  (u,r  J-i 


[6] 


In  this  ■I'quation  c  is  the  speea  of  light,  a  is 
the  wide  dimension  of  the  waveguide  and  v  are 
respectively  the  relative  permeability  and  rela¬ 
tive  dielectric  constant  of  the  nvadium  fiPing  the 
waveguide.  In  ordo-'  to  have  the  same  f^,  equation 
[6]  shows  that  the  ratio  between  the  wide  dimen¬ 
sion  of  a  rectangular  waveguide  filled  with  a  die¬ 
lectric  material  to  the  wide  dimension  of  a  wave¬ 
guide  filled  with  air  -just  be  equal  to  l/(  - 

1).  In  reducing  tne  required  wide  dimension  or 
the  recta-igular  waveguide  by  filling  it  with  poly¬ 
ethylene,  the  thickness  of  the  transducer  is  also 
reduced  whicii  cleans  a  reductiofi  of  its  weight- 


High  order  modes  are  set  „p  in  the  rectangular 
waveguides  jy  the  coaxial  line  to  waveguide  adapt¬ 
er  but  all  these  mode;  are  beyond  cutoff.  The 
lenght  of  the  rectangular  waveguides  is  cnos^.n 
sush  that  all  those  modes  are  attenuated  suffi¬ 
ciently  at  ttie  junction  between  the  rectangular 
waveguides  .mcl  the  launcii  tune.  The  lenght  of  the 
rectangular  waveguides  sets  the  diameter  of  the 
transducer. 


Conventional  impedance  rr«tcning  techniques  cempat- 
iblr  with  the  intended  use  oT  the  transducer  were 
studied  to  maAimize  the  trans'^jr  of  energy  from 
the  microwave  oscillator  into  t.he  launch  tube. 
Once  coupled  into  the  launch  tube,  it  is  desirable 
that  the  enei  gy  propagares  in  the  TE,  ,  mode  toward 
ttie  pump  tJbe  i-’ctead  of  being  ra'ifated  outside 
the  launcri  tube  oy  tne  muzyle  opening,  ‘•'urther- 
more,  tile  two  recta  iguiat  waveguides  are  not 
zt;'icly  1  n.Jepenaent  'jr  tvie-t  will  be  some  energy 
Ciiijpling  from  one  to  tne  other'.  Tne  coupling  fac- 
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different  input  pc-ts  of  the  tr-ansducer  with  a  six 
port  automatic  network  analyser  (14). 

Tne  best  results  were  obtained  by  giving  to  the 
opening  of  tiie  reitangulvr  waveguides  at  the  junc¬ 
tion  with  th  •  launch  t.jbe  the  configuration  of  a 
wide  slot.  Tpe  optinujn’.  dimensions  c-f  the  slot 
were  determined  experimcntdl V •  Furthermore,  from 
a  mechanical  point  of  view,  this  configuration 
presents  tne  advantage  of  reducing  tiie  pressure  of 
the  gas  on  the  rec'anguiar  wavegoiles. 

It  was  determined  ror  ti  ■  ;  transducer  configura¬ 
tion  that  the  TE.  ^  merit  t:  tfie  only  nwrie  presents 
in  the  launch  tu&e  from  2.0  to  2.6  GHz.  From  2.6 
to  3.6  Ghz,  the  TEj  ,  mode  is  still  present  but 
most  of  the  cner-jy  i s’ propaga ted  in  the  TE^  j  mode. 
From  3.6  tc  4.0  GHz,  higher  order  modes  are  domi¬ 
nant. 

Figure  6  jives  tu;  vsltage  standing-wave  ratio 
(VSWR)  at  oni‘  of  tne  rccniai  input  port  of  the 
transducer.  A  v'SwR  of  1.7  (4.6  dd)  is  obtained  in 
the  neighbourhood  of  2.16  GHz  which  is  in  the  fre¬ 
quency  oann  For  whirl;  only  the  TE  mode  exists  in 
the  launcii  tube.  A  slightly  better  VSWR  is  reach¬ 
ed  at  3.72  Gr;z  but  at  tills  freouency  there  is  more 
than  one-  modes  propagating  in  the  launch  tube. 

Figures  6  and  7  orable  tne  comparaison  between  tiie 
power  propagating  inside  the  launch  tub^  and  the 
power  radiated  outside  by  tne  muzzle  opening.  At 
2.16  GHz  there  i  •;  approximately  1.6  more  power 
propigating  in  tne  launch  tube  than  radiated  out¬ 
side.  At  some  other  frequencies,  the  contrary  is 
observed  partiau  1  arly  at  3.72  GHz  whicii  is  ti.e 
frequency  at  wnicii  the  VSWT  is  minimum. 

The  last  performance  curve  '  :ne  transducer  is 
shown  in  Figure  8.  It  indicates  a  relatively  low 
coupling  bet-een  fiie  two  -'ei  igu'' ar  waveguides  at 
2.16  GHz.  It  also  shows  that  there  exists  a 
str'ijng  coupling  at  sonv;  other  frequencies. 

Figur-v  0  ^  lurS  two  p'-otographs  of  the  microwave 
tranoducc-r  on  which  w.--  nan  see  ttie  two  coaxial 
input  port'  and  tne-  wi  ie  slot  in  t^e  rectangular 
waveguide  opening.  Tne  transdi.cer  is  screwed  onto 
tiie  t.ijzzl-o  cf  the  lauR'.i  tube  as  sl:own  in  Figure 
10.  ’‘ri-e  most  F.ivoi'abie  operating  frequency  for 
the  tr  ansdiictrr  ’  s  v.lfc  GHz. 


-  tiir  gsiC/.n*  p/ up’dga  t  i  ng  lujde  of  fie  mi  i. '•owave 
e'ler^gy  i  r;  the  'aohui''  tube, 

-  the  veltag'  >* :!' Cl  rg -.vav;  i.jt'O  iV'j'iR]  at  the 
coaxial  in,iut  ports  'H  the  transducer, 

-  ti'ij  puwir  tr.;  veiling  inside  tm  fauncii  Cube 
som;  red  t'’  the  p,,wer  r.jfi i t.-.rl  outside,  and 
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ihe  nature,  of  the  irf-rf errem  tor  output  signal 
dictates  tie-  'lesigr-  ■.nd  ■:e i  '  ,r-:si ha>  requirements 
of  the  dat-i  .icqu  i  ,  i  1 1  a;  .ysteii'.  i  or  projectile 
velocities  iqi  tc  ‘'.6  hi';  s  with  2.1b  GHz  microwave 
exc  i  ta‘'.i  on,  tne  iata  a-'-r  .  ;)n  1 1  i  nod  in  an  AC  signal 
whose  frequ-'ncy  frc.i;;  zero  to  nearly  25 

kHz  in  .an  i-iterv.-il  of  tfian  i^O  ms. 


•  the  COiiplinq  tn.  ier  betwee:'’  tin;  two  rectangu¬ 
lar  wa  vegu  i  ■!<■ 'i . 

Ihese  pa rai  ;s  t  ; '  .  wer,-  d-,;t  e M'.i  I'ed  ’ roiii  the  measure¬ 
ment  of  fhe  .Littering  r.oe  f  t  i  c  i  ents  j  (13)  -at  the 


Figure  il  sliow  ,  tiie  mieruwivs'  1  n ter f e rome ter  sche- 
m.itically  i  I  us  tr'j  teij  in  ligi.'rsv  ..  The  Output 
sijn-il  of  tin  i  nterf  .,-r  iiic  tc  r  after  amplification 
and  analog  l-iw-pas,  filtering  is  dioitized  in  real 
time  by  a  12-bit  an-al  og-to  di  gi  t^l  converter 
(LeCroy  model  GIlf.'A).  The  samnling  rate  of  the 


digitizer  is  chosen  equal  to  3  to  4  times  the  max¬ 
imum  expected  Doppler  frequency  which  is  deter¬ 
mined  by  the  muzzle  velocity  of  the  projectile. 
The  digit’ zed  data  are  transferred  to  an  HP  900u 
series  320  computer  for  processing.  Because  of 
the  great  importance  and  the  high  costs  associated 
to  LGG  firings,  the  amplified  inttrferoineter  out¬ 
put  signal  is  also  recorded  on  a  Pacal  Store-7D 
analog  tape  recorder  in  the  case  of  a  digital 
equipment  malfunction. 

The  data  process’ nu  is  based  on  mgh  resolution 
spectral  analysis  of  the  i  nterferometer  output 
s’gnal.  In  the  method  selected,  called  the  w'elch 
periodogram  method  (15),  the  i nterferometer  signal 
is  divided  into  overlapping  seginents  of  equal 
length  and  an  estimate  of  the  spectral  content  of 
each  segment  is  obtained  by  applying  an  rff  algo¬ 
rithm  (15).  The  v--locity  of  the  piston  and  the 
velocity  of  the  projectile  are  extracted  from  the 
peak  positions  in  eacti  spectr.';’  estimate  and  are 
calculated  wit’i  [zj.  The  nispcacement  versus  time 
curve  is  ont.iined  '’y  int-'graf'm  the  velocity  ver¬ 
sus  tiiiK  curve. 

:vPFr!IMi:i:r;.L  RLTi;.;"- 

4  --cries  o'"  firings  of  the  ORtV  two-stige  light- 
gas  gun  oper-ating  in  its  ordnance  (c'-w)  velocity 
range  wore  recently  perforuied  with  the  transducer 
'.'ounted  on  the  launch  tube.  For  each  firing,  the 
p.'ojectile  launched  was  a  ’,.50  ca-  steel  cube  sup¬ 
ported  ly  a  sabot  I’-ed’’  of  polycarbo  late.  Tne 
).9l-m-long  piston  was  made  of  nig'i-dens f ty  pcWye- 
thylene  with  lead  inso'-is  to  ■■ncrt.-ain  its  lass  to 
tl'c  desi'cl  value.  Its  front  ‘■'ice  was  coated  with 
i  thin  aluminum  f^  :  1  in  order  to  ihc'ease  'ts  mi  ■ 
crowave  rof |,_.Ctivity. 

A  typical  output  signal  fr.ur  ilie  microwave  inter- 
fe'-omf'‘',?i'  i.  reproduced  in  Figurz  12.  This  signal 
-,<iS  digit, /s-ri  at  a  10i)-kHz  sampling  rate  during 
one  rj, ,,f  lighf-gas  guim  The  microwave 

i  nte 'ferumets-r  ..ignal  clearly  shows  the  initial 
'ne/e'fent  rro,n  the  rest  of  the  piston  some  25  ms 
after  tne  firing  pulse  of  the  gun.  The  increasing 
frequ-ury  indicates  tne  aCuc  1  fr.it i on  of  the  piston 
down  the  hump  tube.  In  tu.ic  illustration,  the 
ho.jpl  tr  ,ine  wave  from  the  projectile  is  only  evi¬ 
dent  luring  the  final  part  )f  the  i  nterf  er  jee  per 
signal.  The  I'rgo  ampl  i  tud^’  fluctuations  at  the 
end  -f  fri:  v  ji.al  it-e  duc  tr  the  passage  of  the 
groj-.ti'r  .1,  ‘'I-,;-'!,,  s.uruuyh  tae  opening  of  the 
microwave  tr.,rsdi..cc  '  ''h.g  smil!  amulitude  modula¬ 

tion  obsc’-,.,-;  )r  j  nterf.-:  ore.  t^r  signal  is  gon¬ 
er, ited  by  t''e  pre'.-'i,  r  in  the  pump  tube  of  micro- 
..ave  prup.j  la  t  i  hc!  m.dc,  other  tnan  the  TEi|  mode. 
These  higher'  or-'lei  m.  'es  a'--  gc-r. orated  in  the  'di'S- 
C‘)ntinuity  cre'tcd  h;  the  tap-’rtd  section  between 
rhe  launch  tube  and  c'he  ,y,sy  tuDs .  ''echanical 
vibrations  wn’rti  prupagalr  .  n  the  wail  of  the 
1  iiinrh  tubs  t '-.ansmi  tti’d  -.o  the  microwave 

tr-nsduce-.  'hsce  vitrr.Kigns  are  responsibln  for 
the  I  nw-f -f  jcen.-.y  f  "I  ik  tu  1 1 1  ens  no  lerved. 

The  'Signal  doput';'!  i '■  t  i  gur'e  12  was  ,i'",,re-,s  :d  as 
dr’seribed  i  .  the  pr-rvious  section.  I'’..  :.-,uits 
obtijinerl  f'lc  tui  vslccity  t  i  I’c  P  i  ■,  i  cr-i  e>,  of  oijun 


the  piston  and  the  pr.sjectile  are  shown  in  Figure 
1.3.  The  piston  shot  start  time  was  determined 
from  a  careful  examination  of  the  analog  data  re¬ 
cord  of  the  i nterf erometer  signal.  The  projectile 
shot  start  time  tomes  from  a  first-order  polyno¬ 
mial  fitted  by  the  least  squares  method  to  the  ve¬ 
locity  versus  time  data.  Figure  13  illustrates 
how  the  piston  is  rapidly  accelerated  by  the  hot 
p'opelfant  gases,  later  decelerated  oy  the  high- 
pressuiO  light  gas,  and  finally  brought  to  rest 
before  entering  the  areu-reducticn  section.  The 
discontinuities  tbr  velocity-time  curve  of  the 
projectile  c  rresi'.ond  to  tne  arrival  of  shock 
waves,  which  propagate  in  the  light  gas,  at  the 
sabot  ■’ack  face.  This  curve  also  indicates  that 
tne  projectile  ass-Ciiibiy  exits  the  Launch  tube  wit.h 
a  velocity  c"  about  2.2  r:n,,s. 

D’ spl  acciiier.t-tnT.t  ii  i '5 '’■.c '■  i  es  o‘  Dotr.  the  piston  and 
the  projectiit  assrimtly  are  obtained  by  integrau- 
1  ng  riumerical  ly  the  cc  r.-espondi  ng  velocity-time 
Curve.  The  results  ai-e  s.nown  in  nig.j,-o  14  along 
with  other  pertinent  inform.ition  gathered  from 
analys'r'  or  ib'e  wavoferns  produce:  oy  differerit 
sensor:,  .ncunted  on  tne  gun.  The  crossdets  on  the 
figur,'.'  represent  the  arrival  times  of  the  shock 
wav-es  propagating  in  the  light  gas  at  three  pres¬ 
sure  gauge  iixwjsuririg  positions  on  the  pump  tube 
and  at  two  strain  ga-jg-.  !>’as'iring  positions  on  the 
launch  tube.  The  ‘^irst  dot  at  “dch  strain  gauge 
position  represents  the  usti'mated  arrival  time  of 
the  jir-jjectile  at  these  stations.  We  could  see 
that  there  is  n  good  correlation  between  the  data 
obtaire.r  .malysis  of  tne  microwave  inter- 

feroinotir  sign.-il  ir,..:  tfio  'iata  extracted  from  di^- 
terer.t  erns."-,-.  iriisunte':  c;  the  gu'i. 

Tne  o/jrall  iccurccy  or  the  data  presented  so  far 
ha'j  i.ut  yet  ofcc.,  doteliiilhed  precisely  and  depends, 
among  other  thing;,  on  t’ e  ac.'uracy  with  which  tne 
waveguide  wa've ' en jLc  in  ti’e  pump  tube  and  in  the 
launch  i,jbe  -.v  known.  all  the  parameters  de- 
termi  r  i  ng  t.he  wavegu;  wave  ieiigth,  only  one  may 
vary  sign’ ficar.tly  du’-ing  the  in’  rig,-  ballistic 
cycle.  It  is  the  refractive  index  of  the  medium 
iini.ie  li ately  in  front  of  the  piston  and  the  projec¬ 
tile.  The  wjve’engths  used  in  the  processing  of 
the  data  iireseite:!  i,n  this  paper  have  been  calcul- 
■ited  with  renraetive  in, lex  equal  tj  1. 

C'lNCLUSiJhb 

Tnis  paper  has  l-cscrib-  j  riic  development  of  a  mi - 
cowave  transducer  w,  ich  is  incorporated  to  a  mi¬ 
crowave  inf.  'fer'j’i.-per  used  for  interior  ballistic 
'iip.isu’"eiiien  The  mi  r:-,-, wave  trijnsgucer  excites  an 
el  ec  t’"orid  jn>'t  i  C  wave  '  n  the  l.jari'M  ,ind  pump  tubes 
,)f  a  light-gas  gun  interfering  with  the 

projeotile  liioli.in. 

The  exp..'rimenr-ii  resulfs  presented  a>-e  r-xanip  1  e'S  of 
the  data  tha*'  have  1. ontjinea  with  the  micro- 
wav-e  i  nteri  ti.  e  an  1  .s  associated  transducer 
at  the  i.j.no  o'"  ri'ings  of  the  l)Fi.«  light-gas  gun. 
The  pirfonndn..t.  ,e'  r.nc  tr  jnjd'icer  .luring  these 
fi'-in.js  indie  itcs  it'  v'c’ity  t:i  witnstand  tne 
pres:.;j'-es  in,j  ,jcce' era  I  i  on-;,  cliar  jc  ter  i  s  t  i  c  of  an 
:  r  s  ta  1  ’  . ti on  on  1  g an . 


TiME  (  ms  ) 
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FIGURE  12  -  Typical  microwave  i nterfe>"ometer  out 
put  signal 


FIGURE  13  -  Piston  and  projectile  velocity-time 
hi  stories 


FIGURE  14  -  Piston  and  projectile  di spl acement- 
time  histories 


It  is  believed  that  by  using  the  same  design  prin¬ 
ciples  than  those  presented  in  this  paper,  similar 
microwave  transducers  could  be  developed  for 
light-gas  guns  with  different  bore  diameters. 
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A  MICROWAVE  TRANSDUCER  FOR  MEASURING  PISTON  AND  PROJECTILE 
VELOCITIES  IN  A  TWO-STAGE  LIGHT-GAS  GUN 


Q:  Steve  Nickless  (Honeywell  Solid  State  Electronics):  What's  the 

material  of  the  launch  tube  and  does  it  have  an  effect  on  the  perfor¬ 
mance  of  the  transducer? 

A:  Lucien  Nappert:  As  for  the  launch  tube,  what  kind  of  steel  I 
don't  know.  The  transducer  is  aluminum.  Up  to  now  we  fire  the  gun 
with  this  transducer  mounted  on  it  only  in  its  slow  velocity  range. 
The  maximum  velocity  ue  have  obtained  is  8,000  feet  per  second.  We 
have  not  yet  fired  the  gun  at  15,000  feet  per  second  with  this 
transducer  on  it.  We  will  have  to  do  some  measurement  before  that  be¬ 
cause  we  don't  know  how  the  transducer  will  affect  the  function  of  the 
gun  at  this  very  high  velocity. 

Q:  Jim  Faller  (Aberdeen  Proving  Grounds);  Sometime  ago  I  had  some,  I 

would  say,  minimum  exposure  to  the  gas-gun.  There  was  some  infrared 
technique  that  was  being  used.  Are  there  other  competitive  techniq^ 
that  can  be  applied  to  the  measurement  of  the  velocity  once  the 
projectile  exits?  I  just  wondered  with  what  are  you  competing  with 
out  there  in  terms  of  making  this  kind  of  measurement? 

A:  Lucien  Nappert:  These  measurements  were  made  to  validate  computer 
code,  that  was  the  problem.  You  could  use  other  techniques  to  take 
measurements  for  internal  ballistic  measurement  like  laser  inter¬ 
ferometry  or  something  like  that.  But  with  laser  interferometry  you 
will  have  very  high  resolution  at  the  start  of  the  projectile  but  the 
doppler  effect  frequency  is  increasing  so  rapidly  that  you  will  have 
some  problem  to  recall  the  data  and  also  with  this  technique  I  think 
it's  the  first  time  we've  measured  the  velocity  of  the  piston  and  the 
projectile  simultaneously.  That  could  not  be  done  with  other  types  of 
measurements,  like  laser  interferometry  or  something  like  that. 

Q:  Jim  Faller:  You  call  attention  to  the  light  gas-gun.  Is  there 

such  a  thing  as  a  heavy  gas-gun  that  this  technique  would  not  be 
adapted  to? 

A:  Lucien  Nappert:  We've  used  this  technique  to  measure  the  internal 
velocity  of  an  ordinary  gun;  but  we  didn't  do  it  with  this  transducer, 
we  used  a  much  lighter  transducer. 

Q;  Bill  Cardwell  (GE,  Cincinnati,  Ohio):  Have  the  projectiles  that 

you  are  using  on  this  been  metallic  or  have  you  done  any  investigating 
with  nonmetallic  projectiles? 

A;  Lucien  Nappert:  The  projectile  in  this  case  was  a  one  inch  steel 
cube  supported  by  a  sabot  made  of  polycarbonate  and  the  diameter  of 
the  sabot  was  110mm  and  the  steel  cube  is  glued  in  the  front  of  the 
polycarbonate  sabot.  The  polycarbonate  is  semitransparent  to  the 
microwaves.  Some'  part  of  the  energy  is  transmitted  to  the  polycar¬ 
bonate  and  some  is  reflected  back. 

Q:  Bill  Cardwell:  Your  system  has  to  have  some  sort  of  metallic  ob¬ 
ject  to  reflect  the  . 
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A:  Lucien  Nappert:  Not  necessarily,  only  the  polycarbonate  sabot 
will  be  okay.  If  you  have  some  metallic  object,  you  will  increase 
your  reflectivity  but  you  must  make  a  compromise  between  the  trans¬ 
mitted  energy  and  the  reflected  if  you  want  to  see  the  projectile  and 
the  piston  simultaneously. 

Q:  Bill  Cardwell:  Then  the  amount  of  reflected  energy  you  have  would 
effect  the  accuracy  of  your  measurement,  is  that  correct? 

A:  Lucien  Nappert:  Yes,  I  think  that  in  this  case  we  have  a  better 
accuracy  on  the  piston  velocity  than  on  the  projectile  velocity  be¬ 
cause  there  is  much  more  reflected  power  of  the  piston.  We  put  on  the 
piston  front  face  a  thin  aluminum  foil  to  increase  its  reflectivity. 

Q:  John  Kalnowski  (EG&G)  :  In  equation  of  state  work  we  have  a 
material  which  we  impact  with  the  piston,  as  you  call  it,  so  we  can 
study  the  effect  of  the  material  under  high  pressures.  I  would  im¬ 
agine  we  would  like  to  know  what  the  input  velocities  were,  and  so, 
I'm  wondering  if  we  put  a  target  just  aft  of  your  microwave  system  if 
that  target  would  affect  your  reading  and  if  it  would  be  valid  or  in¬ 
valid? 

A:  Lucien  Nappert:  Yes,  we  have  a  target  in  front  of  the  gun,  maybe 
ten  feet  from  the  muzzle  of  the  gun  so  the  target  has  no  effect  on  the 
measurement  tecnnique.  But  if  you  put  your  target  very  close  to  the 
muzzle  of  the  gun,  you  will  have  some  effect  because  of  the  radiated 
power  outside  of  the  gun  and  in  fact  we  followed  the  projectile  for  a 
few  feet  outside  the  barrel.  Because  the  radiated  power  outside  of 
the  gun  is  taken  back  by  the  transducer. 
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ABSTRACT 

Isolating  the  sensing  element  of  a  transducer  from 
high  frequency  transient  attacks  appears  to  be  one 
of  the  most  effective  design  improvements  in  shock 
accelerometers.  An  experimental  transducer  de 
sign  with  integral  mechanical  filter  has  allowed 
the  experimenter  to  record  close-range  shock  exci¬ 
tation  without  zeroshift,  a  common  linearity  error 
in  pyroshock  measurement.  This  piezoelectric  ac¬ 
celerometer  prototype  features  both  an  input  me¬ 
chanical  filter  and  an  electronic  low-pass  filter  in 
order  to  maximize  usable  bandwidth.  Calibration 
data  indicate  flat  frequency  response  to  lOkHz  with 
24  dB  per  octave  roll-off  thereafter.  Field  test  re¬ 
sults  are  also  shown  in  this  paper. 


INTRODUCTION 

With  all  the  advances  in  digital  data  acquisition 
equipment  and  signal  processing  techniques,  the 
acceleration  transducer  (accelerometer)  is  still  the 
weakest  link  in  a  pyroshock  measurement  chain. 
Current  design  approaches  in  accelerometers,  such 
as  electronic  filtering  and  high  resonance,  can  not 
always  gi-aranty  the  experimenters  with  repeata¬ 
ble  performance  and  believable  results. 

The  core  of  the  problem  has  been  identified  to  be  the 
sensing  element  of  the  transducer.  AH  sensing 
mechanisms  are  vulnerable  to  high-g  excitation  at 
frequencies  far  above  our  point  of  interest.  These 
high  frequency,  high-g  transients,  although  "in¬ 
visible"  to  many  recording  systems,  are  present  in 
all  close-range  pyrotechnic  events  and  metal-to- 
metal  impact  testiiig^  which  are  common  in  many 
qualification  requirements. 

The  advantage  of  using  a  mechanical  filter  as  an 
isolator  is  discussed.  Isolating  the  sensing  ele¬ 
ment  (piezoelectric  or  piezoresistive)  from  high 


frequency  transient  attacks  appears  to  be  one  of  the 
most  effective  design  improvements  in  shock  ac¬ 
celerometer.  A  shock  transducer  design  with  an 
integral  mechanical  filter  has  allowed  the  exper¬ 
imenter  to  record  pyroshock  time  history  without 
zeroshift,  a  common  linearity  error  of  the  sensor 
in  pyroshock  measurement.  This  piezoelectric  ac¬ 
celerometer  prototype  features  both  an  input  me¬ 
chanical  filter  and  an  electronic  low-pass  filter  in 
order  to  maximize  usable  bandwidth.  Calibration 
data  indicate  flat  frequency  response  to  lOkHz  with 
24  dB  per  octave  roll-off  thereafter.  A  comparison 
of  this  unique  design  with  commercially  available 
mechanical  filters  is  also  presented.  The  surviva¬ 
bility  of  transducers  in  high-g  environments  has 
greatly  increased  due  to  shock  isolation  provided 
by  these  filters. 


PROBLEM  IDENTIFICATION 

All  spring-mass  type  accelerometers  have  a  finite 
seismic  resonance.  To  obtain  linear  response 
from  such  a  transducer,  one  must  be  certain  that 
the  input  spectrum  always  stays  within  its  recom¬ 
mended  bandwidth  4s  a  general  rule-of-thumb, 
the  maximum  m  .‘su-r  d  frequency  for  an  un¬ 
damped  acceleromei  lo  be  less  than  one  fifth  of 
the  transducer  resonance.  This  rule  is  generally 
well  observed  in  the  vibration-test  community. 

Unfortunately,  the  term  maximum  measured  fre¬ 
quency  are  often  misinterpreted  as  the  upper  band 
of  the  Shock  Response  Spectrum  in  shock  measure¬ 
ment.  Since  most  Shock  Response  Spectra  stop  at 
lOkHz  or  20  kHz,  accelerometers  with  resonance 
in  the  neighborhood  of  100  kll^  are  usually  consid¬ 
ered  adequate  for  these  applications.  It  is  however 
impoilan^  tc  remember  that  the  input  spectrum  of 
most  high-g  shock  measurements  contains  fre¬ 
quency  components  way  above  100  kHz,  well  be- 
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yond  the  capability  of  our  modern  recording  devic¬ 
es.  These  high  frequency  components  are  often 
unnoticeable  until  something  occurs  during  data 
acquisition;  eg.  aliasing  of  a  digital  recorder. 
The  most  commonly  used  wide-hand  analogue  tape 
recorder  can  only  capture  time  history  up  to  80  kHz 
(running  at  120  ips),  out-of  band  information  is 
therefore  naturally  attenuated  and  "invisible"  on 
playback. 

The  problem  is  further  confused  by  the  issue  of  the 
damage  potential  of  high  frequency.  It  is  known 
that  shock  inputs  above  10  kHz  seldom  cause  any 
damage  to  the  test  article,  and  they  arc  routinely 
ignored  in  most  data  analysis.  These  high  fre¬ 
quency  components,  although  posing  no  danger  to 
the  article,  seriously  affect  the  linear  operation  of 
any  spring-mass  type  accelerometer. 

Recently,  a  few  papers  and  articles  have  been  pub¬ 
lished  fl  1  121  concerning  the  eiTecl  of  ultra-high  fre¬ 
quency  im.pulses  on  shock  measurements.  This 
out-of  -band  transient  phenomenon  is  referred  to 
in  the  papers  as  "Fre-Pulse ".  There  are  two  types 
of  shock  simulations  capable  of  generating  near 
true-impulses; 

a)  Close-R.'inge  Pyrotechnic  bhock 

The  process  of  explosion  involves  chemical  reac¬ 
tions  in  a  substance  which  convert  the  explosive 
material  into  its  gaseous  state  at  very  high  temper¬ 
ature  and  pressure.  Most  explosives,  such  as  Flex¬ 
ible  Linear  Shaped  Charge  and  pyrotechnic  bolts, 
do  not  contain  as  much  energy  as  ordinary  fuel, 
but  generate  extremely  high  rate  of  energy  release 
during  explosion.  Tne  re.sponse  of  the  structure 
near  the  immediate  region  can  actually  approach  a 
true  impulse  due  to  the  instantaneous  velocity 
change  at  the  explosive  interface.  As  a  result, 
mea.suring  at  the  area  surrounding  a  pyrotechnic 
explosion  has  always  been  a  nightmare  for  engi¬ 
neers  and  scientists. 

Depending  on  the  explosive  location  and  the  point 
of  measurement,  the  amour  t  of  high  frequency  en¬ 
ergy'  reaching  the  transducer  is  inversely  propor¬ 
tion  to  the  distance  between  them.  In  a  remote 
sensing  location  where  the  shock  wave  has  to  prop¬ 
agate  through  a  long  path  or  many  joints  of  dis¬ 
similar  materials  to  reach  the  transducer,  high 
frequency  components  can  be  ^iglli^c■antly  attenu¬ 
ated. 


b)  Close-Range  Metal-to-Metal  Impact 

Most  pyroshock  simulation  devices,  such  as  drop 
towers  and  pneumatic  hammers,  rely  on  high  ve¬ 
locity  metul-to-metal  impact  to  generate  the  re¬ 
quired  shock  spectrum.  When  the  point  of  contact 
allows  very  little  material  deformation  (like  in  all 
reusable  machines),  the  acceleration  response  of 
the  structure  can  also  approach  a  true  impulse. 
Again,  the  response  spectrum  is  highly  dependent 
upon  the  accelerometer  location  relative  to  the  point 
of  impact. 


EFFECTS  OF  NEAR  TRUE-IM^’CLSES  ON  AC¬ 
CELEROMETER 


There  are  two  types  of  commonly  use  shock  accele¬ 
rometers,  piezoresistive  and  piezoelectric  devices. 
Each  reacts  differently  under  the  attack  of  near 
true-impulses.  Three  common  failure  modes  are 
observed: 

a)  Sensor  Failure 

Recent  new  design.s  in  piezoresistive  accelerome¬ 
ter  have  tremendously  Improved  their  usable  band¬ 
width  and  rigidity.  One  type  of  commercially 
available  PR  sensor  exhibits  seismic  resonance 
above  1  MHz  (31,  leaving  quite  a  margin  of  safety 
for  the  general  rule-of-thumb.  Under  the  attack  of 
delta  function  liked  impulses,  however,  the  sensor 
can  still  be  set  into  resonance  (at  1  MHz)  due  to  the 
nature  of  the  input  signals.  Since  the  gage  mecha¬ 
nism  is  practically  undamped,  displacement  of  the 
elements  goes  out  of  control  at  resonance  and  even¬ 
tually  cause  gage  breakdown.  The  result  of  this 
type  of  failure  is  complete  loss  of  data. 

Piezoelectric  sensors  are  more  robust  under  the 
same  condition.  But  they  fail  in  other  fashions; 

b)  Zeroshift 

This  subject  has  been  well  examined  in  many 
technical  papers  14|  151  16).  A  piezoresistive  accele¬ 
rometer  generally  does  not  exhibit  zeroshift  until 
the  gage  mechanism  has  been  damaged  or  is  in  the 
process  of  deterioration.  Piezoelectric  sensors,  on 
the  other  hand,  account  for  most  of  the  zeroshift  phe¬ 
nomena  associated  with  tran.sducers. 
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When  a  piezoelectric  element  is  set  into  resonance, 
two  things  can  happen: 

1.  Relative  displacement  of  the  seismic  mass  can 
exceed  100  times  of  the  input.  The  crystal  material 
is  overstressed  and  produces  spurious  charge  out¬ 
puts  due  to  domain  switching.  The  result  of  this 
type  of  failure  is  DC  offset  in  the  time  history. 

2.  The  crystal  material  is  not  overstressed  but  a 
huge  amount  of  charge  output  is  generated  which 
saturates  or  damages  the  subsequent  electronics. 
The  result  of  this  type  of  malfunction  is  loss  of  data 
or  gross  DC  offset  in  the  time  history. 

Slight  amount  of  zeroshift  in  the  time  history  can 
yield  unrealistic  velocity  and  displacement  dur¬ 
ing  data  reduction.  The  real  danger  remains  that, 
although  data  with  gross  DC  offsets  are  generally 
discarded,  the  minor  one  are  accepted  as  good 
measurements. 

c)  Non-Linearity 

The  output  of  a  transducer  at  resonance  is  some¬ 
time  non-linear  and  not  repeatable.  The  response 
of  a  saturated  charge  converter  is  also  non-linear 
and  not  repeatable  The  result  of  this  type  of  mal¬ 
function  is  poor  repeatability  in  SRS,  leading  to  in¬ 
correct  definition  of  the  shock  environment. 


SOLUTION  TO  THE  PROBLEM  --  MECHANI¬ 
CAL  FILTER 


Mechanical  Filter 

An  obvious  solution  to  the  accelerometer  resonance 
problem  is  to  isolate  the  sensor  from  the  high  fre¬ 
quency  signals.  When  an  appropriate  material  is 
placed  between  the  structural  mounting  surface 
and  the  transducer,  a  mechanical  low-pa.ss  filter  is 
formed.  The  filter  slope  of  such  an  arrangement 
approaches  12  dB  per  octave.  In  order  to  make  the 
filter  effective,  the  -3  dB  corner  must  be  set  at  a  fre¬ 
quency  far  below  the  accelerometer  resonance  to 
insure  adequate  attenuation. 

There  are  three  critical  de.sign  parameters  in  a 
mechanical  filter: 


a)  First,  the  filter/accelerometer  combination  must 
be  robust  enough  to  withstand  high  level  shocks. 
Many  isolators'  rely  solely  on  the  strength  of 
spring/damping  material  to  keep  the  accelerome¬ 
ter  in  place. 

b)  Secondly,  the  Q  (amplification)  of  the  mechani¬ 
cal  filter  must  be  very  low.  Otherwise  the  linearity 
of  the  passband  data  will  suffer.  Damping  charac¬ 
teristic  is  a  c.itical  consideration  in  matching  the 
accelerometer  to  the  mechanical  filter. 

c)  Thirdly,  the  relative  displacement  between  the 
transducer  and  the  mounting  surface  must  not  ex¬ 
ceed  the  linear  range  of  the  spring/damping  mate¬ 
rial.  When  the  accele*  ometer  "bottoms  out",  its 
high  frequency  isolation  characteristic  of  the  filter 
is  lost,  and  the  protecLion  to  the  sensor  fades. 

Existing  Designs 

Although  there  many  shock  isolators  on  the  market 
for  machine  vibration  isolation,  they  are  not  de¬ 
signed  with  linearity  in  mind,  and  their  applica¬ 
tions  are  quite  different.  A  few  foreign  and  local 
private  institutions  have  built  some  experimental 
devices  for  their  own  shock  measurements,  but 
none  are  commercially  available.  These  proto¬ 
types  were  made  out  of  exotic  materials,  such  as 
rosewood  and  cloth,  for  their  unique  damping  and 
stiffness  properties;  reliability  and  repeatability  of 
these  external  filters  are  questionable.  One  of  the 
accelerometer  manufacturers  does  offer  an  exter¬ 
nal  mech'^nical  filter  especially  tuned  for  its  own 
brand  of  transducers,  but  it  is  really  intended  for  a 
general  vibration  environment. 

One  common  problem  facing  external  mechanical 
filters  is  the  resonance  of  ^he  filter  itself  Even 
with  careful  selection  of  spring  and  damping  ma¬ 
terials,  critical  damping  is  rarely  achieved.  Any 
small  amount  of  amplification  factor  (Q)  in  an 
imperfectly  damped  filter  will  produce  substantial 
degree  of  amplitude  distortion  from  a  shock  input. 
This  distortion  manifests  itself  as  ringing  (at  the 
filter's  corner  frequency)  superimposed  on  the  ac¬ 
celerometer  output  signals. 

Another  problem  has  to  do  with  accelerometer 
matching.  The  comer  frequency  and  the  Q  of  a  ex¬ 
ternal  filter  is  highly  sensitive  to  the  mass  of  the 
attached  transducer.  Minor  deviation  on  size  and 
weight  can  result  in  significantly  different  re- 
spon  st^. 
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Shock  IiipuLs  ' _ _ _  Outputs 


ACCEl.t^RONtETER  WITH  BL'IET-IN  FILTERS 
f'igiirc  ! 

Given  the  physics  c.f  t;ie  probletn  discussed  above,  model  of  external  filter  (  Figure  2a),  this  unusu- 

it  seems  obvious  that  if  one  can  design  a  shock  ac-  a]  scheme  p'rovided  the  transducer/filter  system 

cclerometer  to  incorporate  a  tuned  internal  me-  with  added  rigidity,  (see  Figure  2b)  The  transduc- 

chanical  filter  for  sensor  isolation,  and  match  it  er  g  external  housing,  which  served  as  an  enclo- 

uath  a  built-in  electronic  low-pass  filter  to  remove  sure  for  the  sensor  and  the  isolation  material,  kept 

unwanted  residual  ringing  of  the  mechanical  fil-  the  "guts”  together  in  case  of  excessive  shock  input, 

ter,  many  transducer  problems  in  pyroshock 

measurement  can  be  avoided.  A  block  diagram  '['tip  light-weight  sensor  assembly  housed  the  piez- 
in  Figure  1  depicts  this  concept.  oelectric  element  and  the  hybrid  microelectronics. 

The  internal  electronic  filter,  a  two-pole  Butter- 
worth  low-pass,  provided  another  12  dB  per  octave 
Built-in  Mechanical  Filter  roll-off  after  the  mechanical  filter  The  spring/ 

damping  material  was  meticulously  chosen  and 
An  experimental  accelerometer  with  both  me-  matched  to  react  with  the  mass  of  the  sensor  in  a 

chanical  and  electronic  filters  was  successfully  synergistic  fashion.  This  combination  yielded  a 

built  in  our  Engineering  Lab.  mechanical  filter  with  a  damping  coefficient  of  .20 

to  .15,  and  a  resonant  frequency  of  15  kHz. 

Based  on  a  v.ell  established  piezoelectric  shock 

sensor,  this  accelerometer  featured  a  captive  me-  Xo  attenuate  the  ~5  dB  rise  at  15  kHz,  the  corner  of 

chanical  filter  arrange  nicuit  Compared  to  the  the  2-pole  low-pass  filter  was  purposely  set  at  10  kHz 


Figure  2a  Figure  2h 

MECHANICAL  E'lLTCR  MODELS 
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in  order  to  compensate  for  this  unwanted  peak.  The 
end  result  is  shown  in  Figure  3  where  the  solid  line 
represents  the  combined  frequency  response  of  the 
accelerometer;  the  single  dotted  line  represents  the 
mechanical  filter  response,  and  the  double  dotted 
line  denotes  the  electronic  filter  response.  This 
combination  offered  a  24  dB  per  octave  roll-off  be¬ 
yond  10  kHz  which  effectively  isolated  the  piezoe¬ 
lectric  element  and  subsequent  electronics  from 
any  high  frequency  transient.  Built-in  electronics 
also  allowed  impedance  conversion  taking  place 
inside  the  transducer,  a  desirable  feature  for  signal 
transmission. 


Pushing  the  physical  limit  of  the  damping  materi¬ 
al,  the  same  test  was  conducted  at  150°F.  Figure  7 
shows  the  transient  responses  at  75°F  and  150°F. 
At  150'^F,  the  peak  response  indicates  100,700  g 
while  the  75°F  shows  84,000  g,  a  -t-19.9%  increase  in 
apparent  response. 

Our  data  seems  to  indicate  that,  within  ±30°F  from 
ambient  temperature  {75°F),  the  mechanical  filter 
displays  a  small  amount  of  variation.  Above 
120°F,  however,  some  correction  factor  may  be  ne¬ 
cessary. 


Accelerometer  Performance 

A  frequency  response  calihiation  is  shown  in  Fig¬ 
ure  4.  The  accelerometer  has  an  effective  linear 
amplitude  response  from  1  Hz  to  10  kHz  within  ±1 
dB.  Sensitivity  of  the  unit  is  .llmV/g  which 
equates  to  a  full  scale  dynamic  range  of  >50,000g. 
Cross-axis  sensitivity  up  to  50,000  g  is  less  than  5%, 
and  the  resonance  of  the  crystal  element  itself  is 
larger  than  130  kHz.  The  accelerometer  weights 
3.8  grams  and  operates  from  a  constant  current 
source. 

One  of  the  major  concerns  regarding  the  perfor¬ 
mance  of  the  transducer  has  been  temperature  re- 
•SDonse.  Since  the  material  used  for  damping  was 
basically  a  polymer,  frequency  characteristics 
varied  with  temperature.  An  experiment  was  con¬ 
ducted  to  investigate  the  effect  of  temperature  using 
transient  inputs  from  a  Hopkinson  bar.  The  input 
transient  was  defined  to  be  about  100,000  g  peak,  and 
the  corresponding  pulse  width  was  -70  pS.  Repeata¬ 
bility  of  the  pulse  shape  was  quite  acceptable,  but  the 
shock  level  had  a  standard  deviation  of  5,500  g. 


Design  Limitation 

Apart  from  the  temperature  constraint  mentioned 
in  the  preceding  section,  the  accelerometer  has  an¬ 
other  physical  limitation.  Referring  to  Figure  2b. 
The  mass  M,  in  our  design,  is  the  sensor  of  the  ac¬ 
celerometer,  and  the  mounting  surface  becomes 
the  boundary  of  this  second  order  system.  The  con¬ 
fined  springs/dampers  are  represented  in  this 
model  by  Kl,  K2,  Cl  and  C2;  the  stiffness  of  the  out¬ 
er  case  is  represented  by  K3.  As  long  as  the  trans¬ 
mitted  force  F  to  the  sensor  does  not  cause  exces¬ 
sive  travel  in  Kl  and  K2,  the  system  will  behave  in 
a  predictable  manner.  The  practical  displacement 
limit  of  the  existing  system  is  estimated  to  be  > 
0.01", 

The  equation  which  relates  dynamic  range  of  the 
mechanical  filter  to  the  maximum  linear  travel  of 
the  spring  material  is; 
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Figure  5  compare.s  the  transient  responses  of  the  ac¬ 
celerometer  at  75  P'  and  45"F.  The  peak  response  at 
75'''F  is  measured  to  be  86,000  g,  and  78,1 00  g  at  45°F 
(these  are  median  data  selected  from  samples  at  ap¬ 
proximately  the  same  level)  The  peak  level  is  con¬ 
siderably  less  than  100,000  g  due  to  filter  attenua¬ 
tion.  Taking  the  variability  of  input  level  into 
account,  the  indicated  peak  g  at  45’F  is  9.2%  lower 
than  at  room  temperature. 

Figure  6  shows  the  transient  responses  at  75  F  and 
120' F.  Here  the  indicated  peak  g  at  120'^F  is  83,000 
g,  and  79,000  g  at  75  T,  a  -^5.0%  increase  in  ampli¬ 
tude  response. 


where 

t  -  maximum  travel  of  spring 
X  =  maximum  input  acceleration 
--=  damping  factor 
CO  input  frequency 

ox,  =  resonant  frequency  of  mechanical  filter 

A  maximum  input  shock  spectrum  derived  from 
this  equation  (based  on  0.01”  spring  travel)  is 
shown  in  Figure  8.  The  weakest  spot  is  under¬ 
standably  at  15  kHz  where  the  filter  resonates. 
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VRACTERISTICS 
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10k  100k 


MAXIMUM  INPUT  SPECTRUM 

BUILT-IN  FILTERS 


FREQUENCY 


The  maximum  allowable  level  at  that  frequency 
is  67,000  g.  Above  67,000  g,  the  mechanical  filter 
loses  its  effectiveness  (eg.  bottoms  out),  and  protec¬ 
tion  to  the  sensor  ceases. 


TEST  RESULTS 


Several  prototypes  were  sent  oat  for  field  evalua¬ 
tion.  The  first  group  were  tested  at  the  U.S.  Army 
Combat  Systems  Test  Activity,  Aberdeen  Proving 
Ground,  Maryland.  The  evaluation  set-up  was  a 
classical  clu,se-range  shock  measurement  |7| 
which  involved  a  18’  x  18'  x  1.5  ’  steel  plate.  All 
the  test  transducers  were  hard  mounted  on  one 
side  (in  the  middle),  while  the  impacts  occurred 
directly  on  the  other  side  of  the  plate.  Types  of  ex¬ 
citation  used  for  shock  generation  ranged  from 
ball  bearing  impacts,  blasting  caps,  to  C-4  detona¬ 
tion. 

Figure  9  shows  a  comparison  between  the  shock  re¬ 
sponses  of  a  200,000  g  piezoresistive  type  accele¬ 
rometer  and  the  prototype  wdth  built-in  mechani¬ 
cal  filter.  A  2”  ball  bearing  was  used  to  strike  the 
plate  and  produced  the  input  acceleration.  The 
dotted  line  shows  the  response  of  the  prototype  at 
about  1,100  g  peak,  whereas  the  PR  accelerometer 
show's  almost  double  the  peak  g  level  due  to  its  wid¬ 
er  bandwidth  (1  MHz).  B’igure  10  shows  the  same 
event  except  that  the  PR  transducer  output  has  been 
filtered  at  10  kHz.  Note  the  closed  agreement  be¬ 
tween  the  two  accelerometers,  (the  phase  shift 
could  be  due  to  different  filter  characteristics) 

Figure  11  shows  the  response  of  a  typical  shock  ac- 
celeromf'ter  measuring  the  excitation  from  a 
DFP-2  non-electric  type  blasting  cap  (.05  gram;. 
A  classical  zero.shift  occurred  2  milliseconds  after 
the  blast-off.  Figure  12  shows  the  response  of  the 
prototyoe  under  the  same  excitation  condition;  no 
DC  offset  was  noted. 

Figures  18  and  14  show  the  differences  in  ampli¬ 
tude  response  of  a  typical  shock  accelerometer  and 
the  prototype  with  mechanical  fiber.  Input  excita¬ 
tion  was  the  detonation  of  a  M7  blasting  cap  (.9 
gram)  directly  behind  the  sensors.  Again  the 
transducer  without  mechanical  filter  exhibited  a 
huge  amount  of  DC  offset. 

Figure  15  show's  the  killer  --  1  oz.  of  C-4  detonated 
on  the  plate.  The  experimenter  reckoned  that  the 


input  transient  could  well  be  in  excess  of  1  million 
g.  Here  the  prototype  survived  the  blast,  but  the  DC 
level  has  shifted;  apparently  the  mechanical  filter 
bottomed  out.  In  similar  tests,  other  piezoresistive 
accelerometers  had  been  destroyed  due  to  the  high 
frequency  energy  content. 

Another  field  test  was  conducted  at  McDonnell 
Douglas,  St.  Louis,  Missouri  where  three  prototypes 
were  mounted  on  a  test  article  with  28  feet  of  18 
grain/fl  PETN  mild  detonating  cord.  This  test  ex¬ 
hibited  tremendous  amount  of  high  frequency  ener¬ 
gy'  in  certain  directions.  Figure  16  shows  the  re¬ 
sponse  of  one  of  the  prototypes  in  a  mild  direction. 
The  Shock  Response  Spectrum  and  the  velocity  were 
said  to  be  believable. 

Figure  17  shows  the  response  in  the  vicious  direc¬ 
tion.  Although  the  time  history  seems  normal,  inte¬ 
gration  indictes  unrealistic  velocity.  Note  also  the 
rising  low  end  of  the  SRS  due  to  latent  zeroshifl.  To 
analyze  the  data  further,  the  Fourier  Spectrum  was 
calculated  and  is  shown  in  Figure  18.  Here  an  obvi¬ 
ous  spike  dominates  the  FFT  plot  at  15  kHz,  indicat¬ 
ing  that  the  filter  is  resonating. 


FUTURE  DEVELOPMENT 


There  are  still  many  problems  to  overcome  in  mak¬ 
ing  a  perfect  shock  accelerometer.  Within  its  limi¬ 
tation,  however,  this  experimental  transducer  is  one 
step  closer  to  the  reality.  A  patent  recently  has  been 
applied  for  this  shock  transducer  design  concept  , 
and  production  units  may  be  available  in  the  near 
future. 

Future  development  of  this  experimental  accelerom¬ 
eter  may  include  itfinement  of  the  mechanical  fil 
ter  for  better  linearity  and  higher  dynamic  range. 
Different  types  of  sensing  elements  will  be  investi¬ 
gated  in  search  of  wider  frequency  response  and  re¬ 
duction  of  sensor  non  linearity.  Improvement  in 
temperature  response  of  the  mechanical  filter  can 
also  he  expected. 
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BUILT-IN  MECHANICAL  FILTER  IN  A  SHOCK  ACCELEROMETER 

Q:  Jim  Fallei  (Aberdeen  Proving  Grounds):  I'm  familiar  a  little  bit 

with  the  individual  who  did  this  test  and  Endevco  now  manufactures 
both  piezoresistive  and  piezoelectric  accelerometers,  am  I  right?  So 
do  you  now  consider  this  an  improvement  over  your  existing  line  of 
products? 

A:  Anthony  Chu:  For  pyro-shock  close  range  metal  to  metal  impact, 

yes  . 

Q:  Jim  Faller:  That  comparison  test  was  between  another  Endevco 

gauge  ? 

A:  Anthony  Chu:  Yes,  that  was  the  7278.  That's  correct. 

Q:  Jim  Faller:  Now  what  emerges  from  that  test?  Was  one  gauge  to  be 

believed  more  than  the  other,  because  even  though  you  didn't  call  at¬ 

tention  to  that  differential  and  amplitude;  it  was,  I  would  imagine, 
from  one  stand  point  substantial.  Is  there  any  way  of  determining 
which  gauge  gives  the  better  measurement? 

A:  Anthony  Chu:  At  that  g  level,  I  don't  think  there's  a  significant 
difference,  but  that  was  just  a  ball  bearing  dropped  onto  a  plate  and 
he  had  some  more  vicious  tests  that  the  7278  simply  didn't  survive  be¬ 
cause  the  cantilever  would  break.  You  excite  resonance  of  the  one 
megahertz  sensor  that  resonates  and  it  breaks,  so  its  a  matter  of  sur- 
vivabi 1 i ty . 

Q:  Jim  Faller:  You're  also  saying  this  is  67,000  g's  versus  one  mil¬ 
lion  g's  for  the  other  one?  The  other  one  is  capable  of  going  a  mil¬ 

lion  or  more? 

A:  Anthony  Chu:  No,  I  didn't  say  that. 

Q:  Jim  Faller:  I  thought  they  they  were  measuring  a  million  or  more? 

A:  Anthony  Chu:  No,  the  test  that  he  shifted  the  one  with  the 

mechanical  filter  was  at  about  one  million  g's. 

Q:  Jim  Faller:  Is  this  now  an  available  new  product? 

A:  Anthony  Chu;  Yes,  this  is  an  available  new  product. 

Q:  Jim  Faller;  Wha<-  tt^e  option  a  person  will  have?  What  is  going 

to  be  r ecomm.ended?  In  other  words,  your  standard  line  or  is  this  new 
product  is  going  to  be  considered  superior? 

A;  Anthony  Chu;  If  you  are  measuring  really  c  se  to  the  source, 
that's  the  only  way  that  I  can  see  it,  at  this  point. 
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"A  Pressure  Transducer  to  Measure  Blast -Induced  Pore  water  Pressure  in  Water  Saturated 
Soil" 

Dr.  Wayne  A.  Charlie 

This  paper  describes  our  use  of  a  modified  commercial  pressure  transducer 
(ENDEVCO  Model  8511A-5K-M1)  to  experimentally  measure  the  transient  water  pressure 
in  water  saturated  cohesionless  soils.  A  series  of  controlled  laboratory  and  field  tests 
were  conducted  which  subjected  water  and  water-saturated  soils  to  a  high  amplitude 
stress  waves  induced  by  impact  and  explosives.  The  results  of  our  study  and  the  response 
and  calibration  of  the  porewater  pressure  transducer  will  be  presented  and  discussed.  The 
results  of  our  research  indicate  that  the  transducer  can  measure  the  porewater  pressure  in 
water  saturated  gravels,  sands  and  silty  sand. 
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A  PRESSURE  TRANSDUCER  TO  MEASURE  BLAST-INDUCED  POREWATER  PRESSURE  IN 
WATER  SATURATED  SOIL 

Q:  Bill  Cardwell  (GE  Electronics,  Evandale)  :  You  mentioned  you  had 
capability  of  cold  and  hot  water  in  the  tank.  Was  there  a  reason  that 
you  wanted  to  go  up  to  higher  temperature  and  what  temperature  did  you 
reach? 

A:  Wayne  Charlie:  The  reason  we  went  to  warm  temperatures  is  that 
it's  very  difficult  to  saturate  soil.  We  ran  de-aired  water  through 
for  two  weeks  and  we  couldn't  saturate  the  sample.  We  have  something 
like  50  tons  of  soil  we're  trying  to  saturate  so  we  ended  up  having  to 
go  to  hot  water.  We  used  the  hot  water  to  de-air  the  soil.  We  ran 
warm  water  up  and  as  it  was  coming  through  it  would  be  cooling  down. 
We  actually  ran  the  test  at  the  normal  air  temperature,  we  let  it  cool 
down  first.  But  it  was  just  to  get  the  air  out  of  the  soil  so  that 
we're  actually  running  truly  saturated  tests. 

Q:  Ron  Tassing  (Naval  Surface  Weapons  Center)  :  I  talked  to  John 
Ainsworth  from  Endevco  and  they  make  a  special  gauge  for  Germany,  al¬ 
though  it  may  be  made  in  England,  I  don't  recall  which  it  is,  but  it's 
made  for  underr/ater  use.  What  you  have  works  fine,  but  the  Germans  in 
the  Baltic  found  that  the  oil  did  wash  out  of  the  gauge  so  they  had 
to  go  to  this  special  Endevco.  So  there  is  a  gauge  although  I'll  have 
to  look  it  up  when  I  get  home.  Did  you  consider  using  something  like 
an  underwater  pressure  gauge  since  you're  essentially  underwater 
there,  something  like  a  tourmaline  gauge  from  PCB  or  something  like 
that? 

A:  Wayne  Charlie:  No,  we  did  take  the  plate  off  and  on  and  tried  it 
under  water.  We  did  correlate  those  back  to  Kohl's  underwater  ex¬ 
plosive  shots  at  the  same  pressure.  His  correlates  with  distance  and 
charge  size  within  probably  10%  of  that  data.  We  have  not  used 
another  gauge  on  this  shot,  so  there's  some  potential.  On  the  ac¬ 
celeration  data  that  we  have,  when  we  integrate  that  particle  velocity 
for  the  peak  particle  velocity  and  convert  it  to  what  we're  seeing  on 
the  pore  pressure,  the  shape  is  the  same  on  the  early  part  of  the 
curve  and  the  stress  that  you  would  calculate  from  the  acceleration  or 
the  particle  velocity  integrated  from  the  acceleration  is  also  within 
10%  of  what  we're  seeing  on  the  peak  shots,  although  on  oui.  later 
shots  We  lost  o.ii  acceleration.  The  lab  calibration  looking  at  the 
projectile  velocity  etc.,  all  ran  within  10%  of  what  we  expected  from 
the  transducer,  and  it  wasn't  just  on  one  side,  it  was  on  both  sides. 
We  also  m‘^-asured  independently  at  another  si'ce,  particle  velocity,  but 
we  were  further  away  and  that  also  correlated  with  the  pore  pressure. 
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DIFFICULTIES/aBMEDIES  IN  PRESSUEB  MEASUREMENTS 

ilTH  PIBZ0S8SISTIVS  SENSORS 


S.  NicklaoB  and  R.  Maglic 
Honeynell  Solid  State  Electronics 
Colorado  Springs  Colorado  80906 


ABSTRACT 

Resistors  implanted  into  single  crystal  of  thin 
Silicon  diaphragms  have  their  resistance  stress 
sensitive.  When  measured  fluid  pressure  causes 
this  stress,  the  resistance  measurement  allows 
an  accurate  assessment  of  pressure  in  question. 
Although  this  souudo  simple,  the  resistMce 
change  8  depends  on  factors  other  than  just 
stress:  temperature,  direction  of  the  re'stor 
in  the  crystal,  impurities  on  the  su. iace  and 
definitely  the  quality  of  P -N  ju.iction  bordering 
the  piezoresistor;  in  thin  paper  we  show  how  the 
sensor  current  leakage  fj^,  results  from  defects 
in  the  P-N  junr’-i^n.  Some  of  these  defects  are 
crystalogra;  hie  and  some  are  impurity  related. 

describe  here  first  a  pressure-sensing  IC- 
structure  and  how  the  leakage  current  is 
observed.  Next,  we  describe  how  stacking  faults 
are  introduced  in  the  'Front  End"  of  the  IC 
wafer  processing  (example  a) ;  other  types  of 
defects  are  introduced  during  subsequent 
die/sensor  processing  (examples  b)  . 

Example  a.  Stacking  Fault  introduced  into  P-N 
junction  area  during  Front  End  processing 
provides  a  leakage  path  for  current  I.  The 
leakage  path  is  completed  however,  only  if 
subsequently  deposited  'N-Cap'  layer  is  very ^ 
conductive.  Computer  simulation  of  resistor/N- 
Cap  implant  predicted  formation  of  peculiar  P- 
type  islands  influencing  the  leakage. 

As  examples  of  type  b  we  discuss  the  effect  of 
high-pressure  water  scrub  on  the  current  leakage 
of  a  piezoresistor:  this  popular  proceosing  step 
(clean)  can  introduce  defects  in  the  same 
sgiicinivp  arpa  of  tiip  pi ezores istor  mentioned 
above.  Great  yield  improvement  results  when  it 
is  eliminated/controlled. 

Finally,  the  origin  of  cfefects  induced  by  the 
scrubbing  is  examined. 

I.NTRODUCTION 

Electron/hole  conductivity  in  single  cryetal 
silicon  depends  on  energy  barriers  a  carrier 
•sees'  for  particular  direction  of  propagation; 


electron/hole  energy  bands  are  stress  sensitive 
in  silicon  leading  to  well  known  empirical 
expression  for  change  in  resistance 

AR  =  r[e)  .R.ff 

wheie  ij,  psi  is  stress  at  the  resistor  site  and 
8  angle  of  propagation  -in  respect  to  say 
[100]-direction.  t(S)  is  piezoresistive  co¬ 
efficient  and  f.o  is  of  the  order  of  1%  for  Si. 
If  fluid  pressure  is  to  be  measured  P,  psi,  a 
silicon  diaphragm  is  etched  out  of  a  solid  wafer 
of  single  crystal  silicon  and  a  resistor  is 
implanted  into  it;  usually  a  P-type  wafer  (Boron 
diffused  into  silicon)  is  used  and  an  N-type 
epitaxial  layer  (N-Bpi)  is  deposited  on  it.  The 
N-Epi  serves  as  an  etch  stop  when  manufacturing 
the  diaphragm  -  it  defines  diaphragm  thickness. 
Figure  1  shows  a  pressure  sensor  die  after  an  N- 
Epi  was  grown  on  tbs  P-type  wafer.  Si02  is  the 
passivation  layer;  the  diaphragm  is  formed  by 
etching  away  P-type  silicon. 
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After  a  resistor  implant  (light  implant,  P~)  a 
heavy  P-implant  insures  connection  between 
resistors  and  'outside  world"  (P*  implant) . 
Finally,  an  N-implant  is  made  ('N-Cap')  over  the 
resistors  providing  protection  against  electro¬ 
static  field  in  the  environment.  Figure  2. 

Boundary  between  P~  resistors  iuid  N-Epi  makes  an 
N-P  junction  -  electrical  isolation  of  the 
resistor.  P-type  area  is  always  held  on  lower 
potential  than  the  N-Epi  is.  When  a  current 
leakage  problem  occurs  a  CEirrent  between 


5102  r  noooii  f-msisioB  mini 


no  "ill  2;  P  "  ntsisioR  ujiih  n  tnr  ond  co’<NtciiON5 

contacts  CfeB  is  non- negligible ,  if  the  P-N 
junction  fails  totally  oay  go  to  Bicroamperes 
for  positive  voltr.ges  applieci  to  terminal  C 
(reverse  bias  conditions) . 

After  the  wafers  have  been  processed  through  the 
front  end,  the  junction  integrity  must  be 
maintained  during  the  cavity  formation  and 
subsequent  sensor  packaging  operations.  As  an 
example,  a  high  pressure  water  scrub  was 
pinpointed  as  contributing  greatly  to  junction 
leakage.  The  measurement  of  the  leakage, 
failure  analysis  to  characterize  the  cause  of 
the  leakage,  and  the  impact  of  junction 
modi fications  are  discussed. 


Opposite  is  true  also,  by  eliminating  stacking 
faults  (high  temperature  oxidation)  current 
leakage  was  reduced  significantly. 

2. CATS  WHISKKRS 

Current  leakage  path,  as  described  above,  leads 
from  electrode  C  (Figure  2)  through  Epi  and 
through  N-^’ap  above  P”  to  resistor  via  P-N 
'uaoLion  J2.  Then  the  path  leads  out  through 
pieaoresistor  and  P*  lead  out.  We  assume  that 
junction  J2  doesn’t  deplete  to  wafer  surface. 

The  leakage  path  may  he  broken  however,  at  the 
resistor  edge  by  formation  of  "Cats  Whiskers' 
-regions  of  P-type  material  going  from  a  buried 
rcs’.'-tc-  tc  through  N-Cap. 

Figure  3  shows  a  possible  whisker  formed  on  one 
wide  only. 
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I.  FRONT  END  I.SAK.iOE  CO.NSTDhiUTION'S 
1.  Jl'NCTIQN  LEAKAGE 

Note,  on  Figure  2,  that  the  P'  resistor  is 
surrounded  by  several  different  P-N  junctions; 
P'/N-Epi,  P'/N-C.AP  and  P'/P’’  (junction  Ji,  Jn 
and  J3  respectively)  .  Our  dot.ni  Led  studies 
showed  that  P'/N-Cap  is  the  most,  sensitive 
junction.  Partly,  becaUfie  implant  energies  and 
doses  for  P  and  N-Cap  layers  are  such  to  make 
J2  junction  depths  only  .4/im.  (J]  junction 

depth  was  ir.<  .•’.nu"e;l  to  be  ~  Ifia.)  This  puts  N- 
Cap  ju;ictifi.  (Jo)  cl.  St;  to  SiG2/Si  interface  and 
very  se-csiLive  to  ui.'.’ ircnicental  conditions. 

In  silicon  pressure  sci..sor  technology  it  is  a 
well  k.T'jwr.  fact  Ih.ft  ,j,,pi,h  of  J.j  ha.s  to  be 
optimized.  1,'  Xjp  is  small  that  reverse  volt¬ 
age  bias  depletes  N  'lap  C' .mp I  et  c  1  y  (tc  wafer 
surface),  i.o  leakag..'  occurs.  There  are  no  car¬ 
riers  in  the  d'lpletcil  Zoue  (DZ)  then.  The  seu.sor 
is  unstable  .at  this  time  however,  because  im¬ 
purities  on  tlic  w.afer  surface  feel  the  electric 
field  of  the  DZ.  This  rtsfilrs  in  a  drift. 

In  the  opposite  ca.'.s  when  X;2  large  D2  in  N- 
Cap  doesn’t  reach  the  wafer  surface  and  then 
leakage  is  pos.sible  if  J2  is  we.ik.  Conse¬ 
quently,  by  inc-easing  phosphorous  implant  dose 
(N-Cap)  the  leak  raoaotonically  increases. 

Two  dimensional  crystalographic  defects 
(stacking  faults  in  Si)  have  been  observed  near 
J2- junction  and  correlated  with  leaking  units. 


If  a  co.mplete  whisker  forms  along  both  edges  of 
the  resistor,  the  leakage  path  is  broken.  Note 
on  Figure  4a,  b  and  c  various  cases  that  can 
happen  in  whisker  formation.  Case  4c  has,  like 
Figure  3,  a  complete  whisker  formed.  Figure  4b 
shows  curious  P-type  islands  formed  near  wafer 
surface  This  latter  case  however,  would  allow 
leakage . 

Figure  4  re.vuits  were  obtained  by  c-mputer 
calculation,  cil  -culating  in  two  dimensions  (x 
axis  pcrpenlicular  to  wafer  surface)  of  Boron 
and  Fhosphorous  implant  density  Ng,  Np.  Boron 
is  implanted  thr.nugh  a  SiD2  mask  (Figure  5). 
Since  Si02  is  thinned  down  at  the  end,  Ng 
distribution  may  resuil. .  Boron  at  a  corner  is 


N.> 


f2)r  Si 


with  r“  -  x^  R  y2  and  Aj  being  Boron  range  for 
the  given  i.nplant  energy;  Si  is  "implant 
struggling"  quantity. 

N-Cap  is  deposited  after  Si02  mask  has  been 
removed  with  some  constant  concentration  (Bq)  at 

the  surface  where  top  expression  holds  for 
X  <  A2;  the  bottom  one  for  x  >  A2.  Constant  C 
determines  Boron/Phosphorous  dose  ratio.  (See 
Figure  6)  For  points  x,y  whore  Ng/Np  >  1, 
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Figure 

4.  CAT'; 

S  WHISKERS  CALCULATION: 

Dy  ^ 

=  1 

.  AND 

OTHER  : 

PARAMETERS 

a 

b 

C 

8 

6 

6 

Cl 

2 

2 

2 

A2 

1 

3 

3 

S2 

1  1 

1 

1 

Bo  1 

1  1 

.25 

.25 

c 

1  '  ^ 

C 

.3 

BORON  IHPlRNl 

1  M  i  I  1  1  I  1 


r 


c 


computer  prints  1 -digit;  0  for  the  opposite 
esse.  Note:  above  calculation  was  done  only 
qualitatively,  but  with  realistic  magnitudes. 
Second,  no  depletion  width  is  added  anywhere. 


Finally,  we  add  that  etch  patterns  allowed  us  to 
observe,  experimentally.  Cat’s  Whiskers  on  some 
units  that  did  not  leak. 


II.  BACK  END  LEAKAGE  CONSIDERATIONS 

1.  HIGH  PRESSURE  WATER  SCRUB 

Cospleted  wafers  through  the  front  end  must  next 
have  backside  etch  processing  to  form  the 
diaphragm  which  creates  the  pressure 
sensitivity.  The  diaphragm  formation  along  with 
other  packaging  operations  are  stressful  and  can 
cause  junction  degradation  and  current  leakage. 

As  an  example,  a  high  pressure  deionized  water 
scrub  operation  which  is  used  to  remr , e  ink 
residue  from  the  waf»r  «?urfacd  is  analyzed.  The 
scrub  machine  operates  by  sweeping  a  high 
pressure  nozzle  across  the  surface  of  a  spinning 
wafer.  The  result  of  this  scrub  is  a  wafer  which 
has  good  adhesion  characteristics  which  are 
needed  in  the  next  step  of  the  process.  The 
negative  effect  of  the  scrubber  on  the  sensor 
are  discussed  in  the  following  sections. 

2.  IIEASUREMENT  OF  LEAKAGE 

The  final  device  leakage  is  kept  in  the  nA  range 
with  5v  applied  at  25°C  to  achieve  device 
performance.  Several  wafers  were  measured  for 
leakage  before  a  high  pressure  deionized  water 
scrub  and  then  again  immediately  following  the 
scrub.  Table  1  defines  the  leakage  change  on 
the  same  die  after  receiving  the  high  pressure 
scrub.  Notice  the  change  in  the  I-V 
characteristic  which  shows  a  "soft*  junction, 
evidence  of  a  damaged  or  contaminated  junction. 
(See  Figure  7) 
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Wafer  #1 
PRE  HP  SCRUB 


.7nA 

20.gnA 

.3nA 

.7nA 

TD 

.6nA 

.4nA 

.7nA 

.7nA 

POST  HP  SCRUB 


121nA 

1 - 

41nA 

[ 

2.7nA 

1 

.5nA 

TD 

1 - 

:  0.2nA 

i 

1200nA 

.5nA 

1 _ 

1 

1  143nA 

1 _ 

Wafer  )(2 
PRfi  HP  SCRUB 


.5nA 

.  6nA 

1 

1.5nA  1 

1 

32nA 

TD 

1 

.3n.A  j 

103nA 

.  5aA 

.7nA  1 
_ 1 

POST  BP  SCRUB 


.  5nA 

r- 

42nA 

— 

8.5nA 

529nA 

TD 

.  5nA 

436nA 

_ 

32nA 

316nA 

Wafer  #3 

PRE  HP  SCRUB  POST  HP  SCRUB 


2700aA 

— 

18.2nA 

1290nA 

8250nA 

TD 

5300nA 

'  ^ 

585nA 

o4.7uA 

39.9nA 

_ 

1.1 

0.7 

0.9 

2.3 

TD 

1.3 

1.7 

30.2 

_ 

1 

0.7  j 

Table  1: 

Junction  Leakage  Measurements 


Vs  =  5V  applied  from  C  to  B  in  Figure  2. 

TD  =  Test  Die  (Used  as  aeasurement  position 
reference) 
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Figure  7.  Scrubber  Junction  Outage 
I-V  Curve 


3.  FAILURE  ANALYSIS 

The  leakage  location  was  pinpointed  using  light 
emission  photodetection  equipment.  The  defect 
area  emitted  low  levels  of  light  due  to  electron 
trapping  and  discharge  allowing  these  areas  to 
be  mapped  and  a  decorative  Wright  etch  was 
performed  in  the  vicinity  of  the  leakage  area. 
SEM  analysis  of  the  post  etched  wafers  showed 
that  microdefects  were  present  in  the  implanted 
resistor  regions  at  the  location  of  the  leakage. 
It  is  therefore  believed  that  these  defects  are 
responsible  for  the  leakage  experienced  on  the 
device  and  are  created  by  the  high  pressure 
scrubber.  See  Figure  8  for  SEM  photographs  of 
the  decorated  defects. 


4.  HIGH  PRESSURE  SCRUBBER  EFFECTS 
The  high  pressure  deionized  water  scrubber 
creates  defects  in  various  forms  of  processed  or 
unprocessed  silicon.  Unprocessed  wafer  starting 
material  was  subjected  to  a  1650  psi  scrub  and  a 
defect  count  showed  135  defects/cm^.  Since  the 
final  device  has  a  thin  layer  of  thermal  oxide 
for  circuitry  protection,  a  study  was  completed 
to  determine  the  amount  of  damage  created  as  a 
function  of  oxide  thickness.  The  increase  in 
thermal  oxide  was  inversely  proportional  to  the 
defect  density  showing  that  one  possible 
protection  should  he  thermal  oxide  (see 
Figure  B) .  This  study  conflicted  with  the 
defect  densities  found  in  the  implanted  resistor 
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Figure  8.  SSU  Photos  Of  Defects 


areas  of  prooe;;st'd  wafers  which  have  a  thin 
oxide.  Processed  wafers  had  224  def/cm^  in  the 
resistor  areas.  The  f-.reater  sensitivity  to 
defects  in  the  resistor  area  could  well  be 
attributed  to  an  iirperfect  latice  in  the  areas 
which  previously  received  an  implant,  therefore, 
on  actual  devices  the  thin  oxide  is  not  enough 
to  protect  the  circuit  from  defrcts. 

S.  ORIGIN  OF  CRYST.UvOGRAFHlC  DEFECTS 
Previous  analysis  showed  that  high  pressure 
scrub  (BPS),  with  water,  often  causes  current 
leaVage  of  pressure  sensors  due  to  P-N  junction 
degradation.  Both  micro- defects  (impurity 
related)  and  dislocations  are  possible 
candidates . 


Figure  0:  Oxide  thickness  vs.  defects 


BPS  unit,  by  Eaton  Corporation,  produces  a  high 
pressure  water  beam  by  forcing  water  at  Ph20  ” 
1000  -  2000  psi  through  a  small  hole  (diameter  d 
~  .OOSin.).  We  measured  amount  of  B2O 
collected,  in  say  30sec,  coming  out  of  the 
orifice;  this,  with  tube  cross  section 
measurement,  gave  jet  velocity  of  145m/sec. 
Pressure  the  jet  exerts  p  at  the  exit  of  orifice 
is  p  ~  pv^  =  2.0kpsi  with  water  density  being  /». 
Pressure  p  at  the  wafer  was  measured  to  be 
700psi,  and  this  is  the  value  we  used  in 
subsequent  calculations.  Difference  in  two 
pressures  results  from  beam  widening  (.OlSmil  at 
the  wafer)  and  velocity  variation  across  the  jet 
diameter.  Before  we  propose  a  model  for  defect 
origin,  we  examine  here  some  auxilieo'y  tests 
done  to  eliminate  other,  unrelated  sources  of 
defects. 

•Electrostatic  Discharge  (ESD)  of  charges 
accumulated  on  the  wafer  by  DI  water  (isolating, 
deionized  water)  can  produce  crystal  defects. 

We  changed  Dl-water  to  normal,  conducting  water 
and  grounded  BPS  tube  and  wafer  chuck.  Etch 
pits  remained-  the  damage  was  only  slightly 
decreased . 

•Direct  stressing  of  wafers  with  <r  ~  2Kpsi 
produced  no  etch  pits  after  etch. 

•Si02-formation;  If  B2O  from  EPS  penetrates  Si- 
wafer  regions  (damage)  of  Si02  could  form.  To 
reveal  these,  a  Si02  etch  was  used.  No  etching 
took  place. 

In  a  'companion*  experiment  free  B2O  inside 
wafer  after  scrub  was  searched  using  IR- 
radiation.  With  known  IR-absorption 
sensitivity,  we  found  that  if  any  water  got 
inside  the  wafer,  it  must  be  less  than  200  B2O 
molecules  per  Si-cell  square. 

•If  indeed  the  defects  were  crystalographic  in 
origin  high  T  anneal  would  decrease  the  damage. 
We  indeed  found  etch  pit  density  decreased  by 
about  a  factor  of  4  after  a  scrubbed  wafer  was 
annealed  at  S50*C  for  30  min.  Electrical 
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leakage  test  showed  however,  wide  spread  leakage 
over  the  wafer,  after  the  anneal. 

•Kinetic  energy  of  an  impinging  H2O  molecule  was 
calculated  to  be  2meY.  This  kinetic  energy  is 
insufficient  to  move  a  Si  atom  from  an 
equilibrium  site  but  is  well  within  phonon 
energies  of  the  Si  crystal. 

Analysis  of  Laue  spots  (X-rays)  didn't  show 
crystalographic  defects  however,  due  to 
insufficient  resolution. 


RESUME;  W.  conclude  from  above  tests  that 
dynamic  stress  produced  by  water  jeo  creates  a 
crystalographic  defect. 

Theoretical  model  coming  out  of  these  tests  is 
suggested;  Crystalographic  defects  (probably 
dislocations)  are  formed  after  HPS.  Since 
wafer’s  top  surface  is  (100),  the  slip  direction 
is  [001]  and,  since  this  is  also  leaking 
direction,  we  conclude  that  the  Burger’s  vector 
(b)  is  parallel  to  dislocation  axis.  This 
narrows  down  the  dislocation  type  to  the  Screw 
Dislocation  (SD) . 

The  SD  of  the  defect  originates  on  wafer  surface 
(N-Cap)  passes  through  DZ  of  and  probably 
reaches  to  the  other  side  of  the  diaphragm  h  ~ 
lOOpm. 

We  can  now  estimate  total  energy  the  SD  contains 


„  ^  h  ,  R 

®SD  ■  4t  ^°®e  rn 


where  r^  ~  Inm,  is  SD  core  radius.  By  taking  R  “ 
30/»m  for  outer  circle  radius  (diaphragm  radius) 
we  get  Ego  =  7aJ  or  43.5eV/(at  plane);  for 
silicon  Young  modulus  E  the  shear  modulo  G  is 
G  ~  E/3  =  5.3*10l0pa  f  or  [100] -direction  and  b  = 
.543/<m.  The  total  energy  contained  in  a  SD  is 
Ego  =  8MeV 

assuming  SD  straight,  stretching  from  inside 
diaphragm  surface  to  the  outside  one. 


The  important  question  now  is  if  the  HPS  jet  can 
produce  this  ouch  enejgy.  Since  diaph.aga 

&1  p 

strain  is  t  =  —  =  -  we  have 
1  E 

f  =  . 44*10"^  using  p  and  E  numbers  for  HPS  and 
Si  already  quoted.  Since  active  volume  of  a 
diaphragm  in 

t  2 

V  =  -D  h, 

4 

-11  3 

we  have  V  -  1.1*10  m  with  D  .OlSmil  (water 
jet  cross  section  radius).  The  elastic  e-ergy 
below  the  jet,  is 


E  =  -acV 
EL  2 


E  2,, 
-£  V 


2 


10 


10 


eV 


10  3cm2;  not  all  available  energy  is  used  for 
dislocation  generation. 

Finally,  let  us  mention  again  that  no  clear 
identification  of  dislocations  have  been  made. 
Other  types  of  defects  may  be  playing  the  key 
role  here;  idea  of  dislocations  is  attractive 
however,  because  once  created  it  may  split  into 
two  partials  (Shockley)  that  would  encircle  a 
stacking  fault.  The  latter  were  observed. 

On  the  other  hard,  micro  defects  are,  strictly 
speaking,  surface  defects;  N-Cap  thickness 
dependence  of  leakage  (that  was  observed)  would 
be  in  wrong  direction  when  assuming  them. 
Strongest  evidence  against  dislocations  playing 
the  key  role  here  is  weak  directional  properties 
the  etch  pits  reveal. 

6.  DEVICE  CHANGES  TO  ’HARDEN"  JUNCTION 
As  previously  mentioned,  one  of  the  primary 
delicacies  of  the  sensor  configuration  is  a  dual 
layer  junction  structure  to  confine  the  resistor 
in  an  equapotential  envelope.  The  envelope 
forms  two  junctions,  one  at  0.4  /im  and  one  at 
l.Oftm.  (See  Figure  2.)  The  shallow  nature  of 
the  top  junction  along  with  the  relatively  high 
n-type  doping,  as  compared  to  the  p-type 
resistor,  make  it  very  susceptible  to  leakage. 
The  upper  junction  structure  was  removed  to 
study  the  effects  of  the  scrubber.  Samples  with 
only  the  deep  (1 .0/i)  junction  showed  improved 
reverse  breakdown  characteristics  (45v  rather 
than  14.5  on  standard  structure)  and  did  not 
have  the  leakage  problem  after  scrub.  Only 
3/188  die  degraded  without  the  upper  junction 
where  49/188  degraded  on  the  dual  junction 
structure.  Since  the  equapotential  envelope  is 
critical  for  device  performance,  the  upper 
junction  was  re-introduced  but  at  a  lower  dose 
allowing  the  depletion  region  to  extend  all  the 
way  to  the  thermal  oxide  on  the  surface,  as 
shown  by  the  calculation  and  diagram.  Figure  10. 
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Clearly,  the  water  jet  produces  macroscopically 
enough  energy  to  generate  1250  dislocations  on 
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Standard  depletion  width: [3] 


r 

I  2£Vo 


I  q 
I 

n-cap  =  O.IN^ 
p  resis  = 

Xjjo  =  0.129/4m  <  0.4/1  junction  depth 

Reduced  u-cap: 

n-cap  =  O.OlNa 

p  resis  = 


r  111/2 

I  Na  II 

I _  I  I 

INd  (Na*Nd)  II 
I  JJ 


Xno  =  0.428/im  >  0.4/1  junction  depth 

The  extension  of  the  space  charge  region  to  the 
oxide  surface  severs  the  leakage  path  caused  by 
a  damaged  junction.  This  was  experimentally 
▼erified  on  a  wafer  which  had  only  10/188  die 
degrade  where  the  dual  junction  structure  had 
45/188  degrade  after  the  scrub. 


CONaUSION 

To  provide  efficient  conversion  from  pressure  to 
electrical  signal  on  a  piezoresistive  sensor, 
current  leakage  must  be  minimized.  The  creation 
of  cats  whiskers  and  modifications  to  the 
surface  (N-Cap)  junction  are  the  primary  tools 
to  control  the  leakage  levels  in  the  front  end. 
These  modification  also  effect  the  sensitivity 
of  the  device  to  back  end  operations  which  can 
introduce  defects  into  the  resistor  regions.  An 
understanding  of  the  back  end  operation’s 
mechanisms  creating  defects  allows  one  to 
control/eliminate  the  degradation  to  the  sensor. 
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"The  PVF2  Piezoelectric  Polymer  Shock  Stress  Sensor  -  Some  Techniques  for  Application 
Under  Field  Test  Conditions" 

R.  P.  Reed  and  3. 1.  Greenwoll 

The  basic  design  and  some  fundamental  characterisitics  of  PVF2  shock  stress 
transducer  elements  were  described  by  two  papers  at  the  1 4th  Transducer  Workshop. 
Since  that  meeting,  the  sensor  has  become  more  readily  available.  It  has  been  applied  in 
many  additional  varied  applications  under  severe  laboratory  and  field  test  conditions  and 
calibration  has  been  extended  to  both  lower  and  higher  peak  stresses  over  the  range  from 
2  psi  to  more  than  6  million  psi  (46  GPa). 

The  exceptional  versatility  and  application  range  of  this  measuring  element  allow  it 
to  be  used  in  diverse  circumstances.  Vlany  of  these  present  distinct  sets  of  measuremient 
problems.  Successful  measurement  with  PVF2  sensors  in  many  practical  situations 
requires  that  response  of  the  entire  measurement  system  be  considered  with  the  sensor 
being  only  one  critical  component  involved  in  the  measurement.  This  is  particularly  true 
of  experiments  where  stress  waves  generated  by  explosion  are  to  be  measured  under  field 
test  conditions.  A  hybrid  combination  of  hardware  and  software  tools  must  be  applied  in 
both  prediction  of  the  voltage  waveform  that  must  be  recorded  and  also  in  the  the 
reduction  of  that  experimental  voltage  record  to  the  desired  accurate  measure  of  applied 
transient  stress. 

Contrary  to  normal  application  of  piezoelectric  sensors  as  pressure  sensors  or 
accelerocneters,  the  conditions  of  field  use  often  require  that  the  PVF2  stress  transducer 
be  applied  in  a  manner  that  is  in  neither  of  the  traditional  ways:  charge  mode  or  current 
mode.  Rather,  application  must  often  be  in  a  well-defined  intermediate  mode. 


This  paper  was  unavailable  for  printing  at  press  time. 
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THE  PVF2  PIEZOELECTRIC  POLYMER  SHOCK  STRESS  SENSOR  -  SOME  TECHNIQUES 
FOR  APPLICATION  UNDER  FIELD  TEST  CONDITIONS 

Comment:  Wayne  Charlie  (Colorado  State  University):  This  sounds  li)ce 
an  application  where  you  can  use  fiberoptics  to  take  your  signal  out. 

A:  Ray  Reed:  Well  it  is  possible  to  use  fiberoptics,  and  fiberoptics 
are  coming  into  use  but  at  some  level  you  always  have  signal  distor¬ 
tion.  What  you  are  saying  is  that  you  need  higher  bandwidth.  It 
would  be  nice  to  have  higher  frequency  recorders  as  well.  This  deals 
with  a  situation  where  you  don’t  have  access  to  those  and  demonstrates 
a  very  practical  technique  that  works  to  get  you  out  of  a  situation 
that  you  prefer  not  to  be  in.  Peter  Stein  would  tell  you  immediately 
that  you  always  want  to  deal  with  systems  that  linearly  scale  and  have 
adequate  bandwidth  and  are  not  therefore  frequency  creative.  Fre¬ 
quency  creation  in  this  situation  simply  means  you  have  distorted  the 
signal;  it  doesn't  mean  that  you  have  lost  the  information  but  you  do 
have  to  treat  it  properly.  An  essential  to  treating  it  properly  is 
the  proper  characterization  of  that  specific  real  situation  as  it  ex¬ 
ists  in  the  field. 

Q:  Pete  Stein  (Stein  Engineering):  How  sensitive  is  the  process  to 
the  individual  specific  cable?  Do  you  have  to  check  each  particular 
cable  over  several  100  or  1000  feet  or  can  you  determine  for  a  par¬ 
ticular  catalog  number  of  a  cable,  a  procedure? 

A:  Ray  Reed:  Because  cables  get  damaged  in  the  field,  the  catalog 
specification  is  not  adequate  nor  is  the  mathematical  model  of  the 
cable.  They  are  perfectly  fine  for  prediction  of  th®  distorted  wave 
form  so  that  you  can  go  ahead  and  signal  condition  a».d  record.  But, 
they  are  not  adequate  for  unfolding  accurately. 

Comment:  Ron  Tussing  (NSWC):  I  can  further  comment  on  that.  We 
have  our  low-noise,  low  tribo-electric  effect  cable  made  for  us,  and 
it  is  available  to  other  people  too.  Every  batch  we  get  is  different 
and  is  quite  a  bit  different,  and  is  supposedly  the  same;  but  for 
instance,  the  capacitance  per  foot  will  vary  between  30  to  40 
picofarads  and  averages  around  35.  This  is  supposedly  made  for  the 
Government  through  specification;  buy  if  you  want  the  cable,  you  buy 
it,  you  take  it  the  way  it  comes,  and  so,  we  do  different  things,  as 
Ray  has  said,  but  we  would  match  each  batch  for  each  length  of  cable. 

A:  Ray  Reed:  Not  only  do  cables  vary  from  batch  to  batch  but  they 
vary  from  place  to  place.  In  field  installations,  people  have  fre¬ 
quently  matched  and  put  two  or  three  cables  in  sequence.  They  have 
gone  through  breaks  for  gas  blockings;  and  so,  you  always  want  to  do 
the  characterization,  if  for  no  other  reason,  to  assure  yourself  that 
you  have  what  you  think.  But  if  you  are  going  to  characterize  it,  it 
is  absolutely  mandatory  that  you  do  this  sort  of  thing.  With  regard 
to  Ron's  comment --somebody  said  butterflies  are  free,  charge  is  too. 
In  a  piezoelectric  circuit,  and  particularly  used  open  circuit,  you 
will  learn  very  quickly  how  much  free  charge  there  is  around  from 
piezoelectric  sources  and  just  hanging  around  from  some  change  of  tem¬ 
perature  or  a  variety  of  things;  and  that's  again,  why  we  have  always 
been  driven  in  the  field  to  use  these  gages  in  the  current  mode,  al¬ 
though  in  theory,  they  r-an  perfectly  well  be  used  in  a  charge  mode.  I 
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point  out  that  we  are  using  neither  current  nor  charge  mode.  At  the 
last  meeting,  I  made  the  strong  assertion  that  you  must  use  them  one 
way  or  the  other,  or  don’t  know  what  you've  got,  and  I  promptly  went 
off  and  did  this  which  is  neither  fish  nor  fowl,  it  is  somewhere  in 
the  middle.  I  point  out,  there  are  other  applications  to  this  tech¬ 
nique.  I  give  this  paper  in  the  context  of  the  application  of  PVF2 . 
The  techniques  are  perfectly  general  when  applied  to  any  measurement 
system . 

Q:  John  Kalnowski  (EG&G)  ;  What  type  of  cable  do  you  use  in  the 
field? 

A:  Ray  Reed:  A  variety  of  things.  On  the  last  field  experience,  we 
used  RG22  which  I  preferred,  because  it  is  a  balanced  cable  and  avoids 
some  noise  problems.  On  the  other  han..,  when  yoj  use  it  with  physi¬ 
cally  available  equipment;  you  have  problems  because  that  equipment  is 
almost  always  single  ended;  and  so,  matching  that  cable  to  regular 
carters  is  a  problem.  Since  then  we're  using  combinations  of  cables 
ranging  from,  I  think,  an  RG55,  which  is  one  I  wasn't  familiar  with, 
RG213  going  then  to  RG214  in  one  continuous  run.  And  so,  you  have  all 
of  these  things  stacked  together  plus  gaps  in  the  system  where  you 
have  to  make  the  transition  from  one  to  the  other. 

Q:  John  Kalnowski:  On  your  RG22  did  you  have  to  use  a  cable 
equalization? 

A:  Ray  Reed:  In  this  peculiar  situation,  you  don't  want  to  equalize 
because  you're  throwing  away  gain.  We  started  that  way,  and  it 
finally  dawned  on  us,  that  the  cable  is  partially  integrating  for  us. 
If  we  just  throw  another  little  capacitor  on  there,  we’d  complete  the 
integration,  and  we'd  be  half  way  home.  All  you've  got  to  do  then  is 
complement  that  with  this  digital  filter  and  proceed  on  your  way.  You 
have  got  high  signal  to  noise  and  the  data  as  well. 
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Bauer  elect  ru  al  poliny  prciress.  The  Gauge 
Fahricatii'n  coction  of  this  pap»i  reports  on  our 
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Ilin  pmpi-',s  nf  this  p.ii'pi  i  ,  to  denionst  lale  tlie 
use  of  the  Bauer  PVOf  gauge  in  different  shock 
loading  unload  inti  ippMcations.  Applications 
described  include  gauges  loaded  in  gas  gun, 
explosive,  pulsed  ion  beam,  pulsed  laser  and  gas 
shot  k  I  uljp  p '  pi  V  i  lien  i  '  .  oas  gun  applitations  have 
(Uhieved  sties  -■  n.  1 1'  ■!'  ijP.i,  while  gas  ..hock 
tube  appli'alions  havr  achieved  sliesses  as  low  as 
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vsn  ,  .finurl  and  i'la-iaM.  .tr-t-lied  bv  Phone 
I', III. 'll'  iilms  in  Iraiice  fri-ni  poivinor  pellets 

r,|:i  .iii'-'O  f  I  Mil  inipna,  .'lapan.  f'O'  spei  iai  film  has 
n..i|iin,i'  'III  iiies'i  nf  rfMiin.  I  nnnuh  of  the  PvL'l 
;  i  1  111  ha  ,  ■>•■1'  proi'u'etl  ^co'  iiiair,  .ea' s  ol  gauge 

:|r  , I .  I■lllrnt  ind  ar.|il  ii  ’I'll  ihis  partimlar 

t  ,  la,  I'l'i  ail' r  I  f  '  h«'  docunpuited 

I.  ,  .  I  1  I  ling  I- ,  Rai.ii  r  if  similar  ''VbT 

n.i,  !|,  ,  I  '  ,  si'  '■  x  .■.ave  mea  .uren'ent '  on 

1 ,111. 1  I ,  g  1  'ad  j.iiig'ii'..  Ri.ide  i  i '.iiit  rjiftcrenl  P'.'l'l  l"ts 
ha,..  .In  wi!  ■  '.  '  .U|ii''imritl  .  '.'til'"-  I'VitT  filin'-  ai'e 

in'  tn.iv  .11-  difterrnt  !i,,iti  tlie  Rli.'iie 
1  .lilmi'  'ii.ili't'ial  ami  in.inp  liav-.'  been  ■.iihje:i‘'d  to 

.  ii,  I,  .,,t.,n.i,.e  testiiM  as  this  material.  An 

,.  anti, II  g.ii't  I  I  Ml,  hi.'ii  I  I  .insdin  PI  .  In  ve  1  tipimint 

P  . .  I  j  ,  ,,  Ilia  I  .'M  i ,,  >  with  wf-  i  !  (|p  f  i  lied 

,  1  ,i.  I  ..  I  i  ■,  I  i .  I.  nil  in  II  tliat  proppi  iirn-e'-sing 

III  a.  I;  i  I  .  I  in-  i  egn  i  i  e.i  pmi  i  c  .u  I !  . 

GAUGE  ELECT  ROD ING 

1 1  .  I  .,  a  j ;  ■!  i  . I  ,  t  I  <  .  ti-i'i'n'  t  1  '  I  od  i  no  (O  n-'  pss 

,  di  ,r’  1  I'd  i  i  t I  p.,■lllalimi  a  luiiilbei  of 

Ml.  :  I  1  I  i  ■  .  ‘  1  11  t  ■  '  I'M  i  gnt  ■■  .tm  I  in,r. i  de-.  i . pi s  . 

■•I,  I  .  M  .j.'it  •  .'1  I  i.g  ..f  g-l.,!  "I  aliiii.iiiniii  liver 

.  1,1  ,  1,  ja  .  Il|.  .  .1  I  .  Ill  .d-  a  i  '  ''  .  f|Mllll 

. . .  I),  m-'t  .1  wa  rpm'  .Pri  using  t  I'-i  ’.'.•.'t'.li- 

:  I  ,  g.  .  !  :  .1  id  '  hei'p  w  i  no  I  '.'idfin  e  of  f  i  Im 

■ , , .  ,  I  .  ,1 1  .  ig  i  ■  1  1 1  g  '  1 1  .,1  i  ng  .  O'  In-i'  sgui t  t  '■  i  i  ng 

.,1  ,  -g  ,  :  .  !  1  1  on  '  ■'■.  lie  i  lio  I'.i  -  '  I'"  ’  hat 

|..■atl.|,  I  III  I  Mill  iPSiiilM  In  „'it  I  iiiiLUl  a  I 

•  I.  • , . .  11 1  PI  t  r  I.  ,1 1  |M  ..r.i'-i  t  IPS.  Ihp 

..  I ,.  I  i  ,  -II  i  .  I  I  I  ■  I  .  .1  dp  'ijii  III  i  I  i  .’nd  f  II  I  ho 

,  1  ,n  M  I  1  g  I  igi.  I  hi . n  j  n  i  I  J  I  ■'  i  .  '  -‘Ml  .lO 

1. . .a  '■  I'l  !  wip  :•  f:i.'  '  wo  I'iPMi  id'',  |■.■■Sl'lap  i 

.  I 1  1  ,  1  |i,  "!  '  I  iii;  -  1  !  a-'  i  I  -  Ml  I . !  I  lie  uaugp . 

11  ,  .  :  1  ‘  .  ,1  i  I  f,. . ..  '.iMi  ii  i  ilgp  <■  I  ini  I  I  'll  Till 

in..  1  . 1  1  :  ,.  I ...  t  I  II  I  ,1 1  ..I  I  'll  Ml  ,1  •  III  'll  e  ,-'i’ ,1  I 

1.,  I  III.  ,|.,i|T  mii'  III  i.  I'MI'lliod  I  r  aiiur.itn  '.lloi  I 

,,  I .  •  ii!...i  .Ml  •  liiM'.i  Ml  i  Mill  . . -  lia.'p  iipon 

,|.  , ,  ;  ...ai  .  'i  l"  d  n  '  n  '  '  'M'  i  ml  sharp  .'dgp 

I  p.  I  I  n  1  •  1 1  III  .1 '  !  Ml  I .  iii.ign  '  f  1  .  I  1  'll  .Mid  ,i  I '  ■ .  i  i-.dii'  .■ 

I  li,.  ■  .  a  ,  1,1  I  II  .  1' , '  if  I  I  ■•,1  i  nf  I  p  dm  '  ng 


Figure  1.  Standardized  PVDF  Shock  Gauge 
Configuration. 
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1  Operl 

In  M UMi(|nei  fjiie ,  li"w  Mp  m  ig  and  tias  Ijppn  shown  t C’ 
pi'Milin  p  1  nil!  I’lip  i (ligh  giial'lv  gauge  elements  with 
hi(|li  |)i :  1 .11  i  .'a t  i on  .  Ihn'  i  i'iiiiainMit  po I  n  i  gat  i on  of 
PVni  ■  Ini' k  gangp  ■  ri'idin  nil  with  the  United  St.ites 
•  y  .inni  is  I  in’  .nne  as  produted  in  Tr^m  e  at  1  d 

and  f-|n|.  1  av  i  h  ,  m.iini  iia  I  1  v  a.,'  *  U.r  Ml  cm“  . 

The  Inint  pi nirain  of  I’VUF  gauge  devp)  ‘[.'mpiil  ha'- 
resiilipil  ill  .1  set  of  tjinaii  t  i  i  a  t  i  ve  .pp.  i  I  i  -  at  i  mi 
dp-irit'ing  '  iie  '  I  .indii  I  d  I  .'ed  .,t,p,  gauge, 
gppi  i  I  i  1  .1 1  i  mn.  I  e  I  1 1  i !  1 .  111.!  I  p|  i  .1 1  ,  ■■  1 11.  I  I',  'll  i  ng 

and  puling  p.o  .•ni-'d ‘O  •  tliat  mint  Im'  aihip.pif  t' 

pioilu''-  I  I  pp.i.i;  .gi  1  p .  Iiigli  fidnlit.,  ..In..  I  w.u'p 

.-Mi.'ir  ai‘  ■.lii.wii  in  t.fl'.le  1.  'lip  n.Miiial 

ii .  !  nri".  1  .  loop  1  i  I  I  pg  111  1  ,i|d  p  1  .  In  .,vn  j  n 

I  ig'i.i.  ■  '  -I  gaiiip  I'l'. dll'  I'd  .i!  'in'  thre" 

■1 1  I  I  ni  r.iP  !  n  !  M  !  i  0  ,  .  !  M  p  ■ ,  .  '  1  ,.m'  n ;  I  i  .soipn'  I  n 

I  ■  111  ■  n all  I  p.  ■  ;  1 1  I  Z <1  I  I  .  H  n I'd  1 '  .  !  P  1  p  -  i  -  I  .  ■  p 

'  li-ii t 'o  i !  i  1  ,  ■.h■■■.''':.  :ti..  l■•|.l  i.in  il'ilii,  ‘f  i'Vl'l 

gaiKjes  made  to  'Ma  liiu]  Mandards. 


(ab'e  1.  Standardized  PVDF  Gauge  Specifications 
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POLING  PROCESS 


pf'  y  1  ■'  a  :  - 

r : 


) ;  I  par  * 


Pokrizatlon  (^Cokxmbs/cm^) 


Kilo  Volts 

Figure  2.  Hysteresis  Loop. 


SHOCK  MEA'^UREMENTS 
Gas  Gun  Methods 

A  'laiul.itrj  imp.u  t  li'dding  r  ■peiiiiiciit  for  I'VOF  has 
he<Ml  ilf'v 1  npi'rl  li>r  the  '■'-N!  ^<-1  rr  rdnipM'SSed 

i|d'.  Mini  wliiih  h.r,  l.'peii  ii>«d  foi  ni.inv  lunvioi,.; 

tiirl  i }  ii'jd  I  V  i  iKj  prpfi^-'lv  roil!  j-dJ  ;>■>()  iii'|i;>r  r 
lOiUliiKj,  incIlKliilij  rpinit/  .iinl  1  i  I  h  Uini  iiidlMte 

pi  I  O' 1 1  ii  M'l'iq^  wdfl. .  Ilio  0:111(1-'  eiemeii!  is 
plciied  iliri’i  ll,  I'M  (hr  111111,11'  f.ici'  of  a  t-it';i''t  uf 
eitli'M  KmI-I,  .'-(lit  giiart;,  .’-1  iil  s.ippliire  or 

tiiii(p.l'’n  (ri'hiilM  as  slio'rtn  in  I  io'ire  f.  The 

impnilnr  is  t  lo'  same  material  as  the  target: 
lu’ine,  til'-  I'lgu  i  I  i  hr  i  uni  particle  '.'cldcitv  is  known 
I"  tlu'  pirec'ii.ion  "f  tlie  impa' t  lehailv 
ii'o.v  III  enicnl  ,  (I.  I  peri  enl  .  Tlie  ().in(|(  element  ■  are 
Mii'id'teil  Id  nnnsnall,  welt  lielrr.e'l  slioi  k  and 
(••|e,i',e  siri's',  pulse-,  l)e(  apse  ( |ie  giiart,'  and 

■ippliii-e  'aniei  ,ind  impa-rt--!-  in.i' er  i  a  1  s  lemain 

i-lasiii  up  t'l  ,il.i-iit  |!  and  .'0  Gt’a,  re -.pei  1  i '  e  1  v . 
Um'  I  I-  pen  fd  te|e,is,  waves  i  an  lie  (.11  •'full. 
Indie  (,,  the  ire  Ilf  ttiin  impacfeis  in  l  h  i 

a  r  I  a  inieiii.  ii  I  .  I'lMipten  cathide  is  used  fio  -.tie'.s 
'll  e, lie,  I  h,ai  ,  II  hiM  witti  2''  pm  think  (fP  leflen 
film  d|i  iiiiei  s  die  of  the  gauge  to  previde 

"  1  i"  I  I  i  I  I  I  I  ai  I  a  :  i  dll .  I,  e  I  f  i  s  nseii  I ;■■■  air.e  ”  f 

II  .  Idv.ei  h.ai  i  ■  1  1  ;  iiipeil  up  e  Pw  .Ire-.',  ies-, 

I  Imii  -I  I  ,ISi  I  1 1 )  I  . 

.-  1 1  I  d! ,  -  1 .1  I  1  dii  i  ■  I  "  ,  I  .  I  1 11,  j  11,  .iiigeitiei,  t  .  h.i .  e 

lieen  in-.esl  i||atei|.  Hll|l’.  '.|-,er,i)  ,|lillt  j  e  |  ,  pi.'vide 
the  I'M  I  leroirp,  f  ,1  (  re  in  dal.-i  1  edp.-^  t  i  en .  a 

hii|h  d  i  i|  I  I  i  ,•  i  lui  riti:-  is  ie'|i.iired  to  tract  the 

det  iil  in  i  tie  I’VId  ,  e-,p,inse  he.raiise  uf  the  .--er, 

l-rl  Id,,, lid, I  ,1,  [i  i  e  .  I-'fidv  63H0  digit  i.'ei' 

wliitii  .aiiipii-  .1'  a  i.'le  ,d  (I./4,'  n,  per  point  and 
li.e.-e  a  .--e,  did  i  nij  win, lew  ,,f  / .  4  ps  were  nseft.  ihe 

e  permient  use,,]  t'W,'  epir.ltP  low,  less  id,i.j,il 

i.iiile-  |,,  pi,,,/i,te  le,  ,.f  (he  ii|n.'l',  at 

d  i  f  f  e  I  e,|  1  eii  ,  I  I  '  .  1  I  I  P  ,  ,  ,1  1  ,  f  Imp  .1  S  I  nr|  I  e  ,  .||i  |  e 

witli  a  p.iiallel  lOMiieition  to  I  wi>  clipiti/prs. 


Ihe  electrical  currents  produced  upcin  impact  from 
eiectrode  areas  of  about  0.1  cm  range  from  about 
I  f.-  10  amperes  in  the  most  recent  evperiments. 

Cm  rent -viewing  lesistors  with  lesistances  between 
O.ild'i  and  0.2  ohm  aie  sonnecled  to  the  gauge 
electrodes  ie  reduce  the  signal  levels  10 
accepial'le  values  fui  the  digitizers.  I  urther 
signal  level  i-educ  t  i  on ,  if  de'vired,  is 
ac(  i.mip  I  i 'died  with  inicrowave  dividers  placed  at  the 
inputs  to  ttu  digit'rcrs. 


TARGET  ASSEMBLY  PROJECTILE 


Figure  3.  Impact  Loading  Configuration 

for  Controlled  Shock  Loading  of 
Standardized  PVDF  Gauges. 

Although  the  program  is  ongoing,  the  results  to 
date  over  a  wide  range  of  parameters  relative  to 
gatK|e  area  and  shock  str'pss  .are  shown  in  lable  2. 
Uf  pi  ini.irv  iiiipiortanc e  in  lable  2  is  the  fact  that 
till-  same  remanent  po  1  ,cr i  zat  i on ,  whi,'h  has  been 
shown  in  previous  wtnk  to  be  rrilic,cl  to  prodiu  inc| 
a  I  ( ,ih  I  e  shock  tiansdu'er,  h.r.  been  achieved 
in  I  hr’  I  hree  rliffc’ient  laboratories  n.iny 
•'•.rill  i,i  I  1 V  the  same  gauge  fabrication  pniressf. , 
.'M-.o  -,hown  in  table  2  is  a  wide  range  of  :duii.k- 
'  "iiipi  css  ion  loadiiuj  to  whi'  h  the  qaiujes  have  Ijeen 
c'po'.ed.  this  dynamic  range  is  an  nrder  of 
macin  i  I  nde  l.ircjer  than  any  previoiply  available 
P i I'/ne  1  ei  t r i (  -dioc  k  gauge. 

A  ■omp.irison  of  result',  from  different  cjanges 
slid,  k  l(M(|ed  using  the  contiolled  impact  technigue 
i.  -■lun'.n  in  lignie  4  |li|.  Ihe  shuck  rornp  res  s  i  c-in 
d.ii.i  '.hown  in  Mqnrc  4  weu’  generated  at  SNLA 
(••kin.H  PAIA"  and  "AANUIA  DATA")  and  ISl  .  The 
1". lilts  indicate  minimal  scatter,  with  similar 
1  •■spiirr.e'.,  Lu'inci  '.ihtained  lor  the  ganpes  piodnced 
in  I  tail!  e  ,ind  tin-  United  '.t.itc’s,  liniiii’U  d.ita  of 
llii-.  I  .pe  h.r.e  been  iihlainc'd  prev  i  on.  I  ,  ;  howevei-, 
in  the  c  III  rent  stndv  the  appliiable  stre.s  i|ange 
1  .ini|e  w.is  P'i'.inderj  pp  to  .)(,  f,pa  where  the  cj.nige  is 
-.tiM  Innilionin-i  proiieiU.  The  ,’hilil\  t" 
pi.i'ln'i'  I ‘'lUM  I  ah  I  e  PVDF  -.Imck  1 1  an'.diu  ers  in  the 
dilfereni  I  .ihorat  oii  es  to  e-artinq  spec  i  f  i  r  a  t  i  ons 
now  piovide-  Ihe  genet. il  ,1  va  i  1  ,ib  i  1  i  t  v  of  shock 
transducers  for  reliable  measurement  application. 
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Table  2.  PVDF  Gauge  Parameters 


Caufc 

Ptbrication 

G«ug«  Ar«a 

(c.M 

Raaaocot  Polar Ita lion 
(uC/ca‘) 

Cootrollad  ShocV 
Loading  (CPa) 

IS'- 

o.o; 

l  u  X  l  ma 

9.1 

7-15 

S^Ur  Kccch 

0.09 

I  a*  X  3  u 

9. : 

0.3-46 

Mciravib 

O.Cl 

L  sM  X  1  aa 

9.1 

0.^  -  35 

SHOCK  STRESS  (GPo) 


Figure  4.  PVOF  Gauge  Charge  as  a  Function 

of  Shock  Stress,  (preliminary  data, 
detailed  data  analysis  in  process). 


Sninr  cjaupes  were  studied  with  the  negative 
eliwirrxjt'  ii|i  (  lio  impart  sin  tar.;'  tu  invr'stiqale  the 
iiHliuiirr  ,i)  gaiuir  eluMihal  oi  i  eii  t  a  t  i  up  on 
f’litpiit  iiirrii!.  t'epi’ited  lieip  were  obtained 

with  I  hr  striwlaip  iiMPniili.n  iiseil  ti\  B.rier  in 

will'll  I  hr  Iln',ili,»  f.|p,  tlildr  js  pta'Cd  OU  t  ItC 

ntU  •'  I  ‘iiif'i'r,  li  appeal thc-ir  i an  elei.tiKal 

I'loirri*.  rff.'i  t  v.'hi'li  lias  Pi.it  yri  tipon  tiiily 

( V . ' :  1 a  1  r  : . 

Pulsed  Laser  and  Ion  Beam  Methods 

ST  anda  I  (1  i /.  d  I'Vlif  (|aiiqps  lui.e  !ip'''ii  iitili/ed  in 
ptil'-r'.l  l.isiM  ■  p"  I  i  iiiriil v<T,i  ti  .illowad  stress 

mea'.in  piiirii’ ■  tr  Ijr  made  wilhin  ’-O  pm  i  f  thg 
depr:,  i  t  i' ’ll  'egi"ii  .'.hnli  fl-.i','",  r.inging  It!' 

W  1  in'  .  A  typrai  hvlil  qai:()p  and  tai'jet 
'  "II I  I  ipi  1 .1 1  i  I 'll  fri  pulsed  I'lsei  and  i"M  lieam 
Pip.'l  illlPuts  i sllrWIl  ir  t  UJItrp  a.  two  I'VDF 

rei"id’,  1 1  rm  tlip’"  I’ >  pr  I  i  iiic'i  I aiP  shown  in  Fiijure 
(i .  I  lie  lairp'  siiiinl  I"  iii,i:r  rati  >  (omlMned  with 
I  hr  ahilil',  t  iiialp  'mill  srnsrr  arp-r-  in  the 
I  iiiip'  'if  (in'  iikI  tin'  iiiliPiPiit  fle-ihilitv  of 

t  lip  I'Vfil  '.h'lfi  soil  111  all"'.v  dit  '  I ',1  111'  old. lined 

ill  ill  r  ■  I  '  "iiir  1  .  ha  I  '  h  •’  I  r  I  I  1 1  .1 1  oiw  I  |■!lnlnpn  t , 

wlii'h  liiitlici  i  I  1  list  t  at  A',  the  reliability  and 

II I  i  I  i  t  y  ' '  I  the  PVlJl'  gaiKje  . 


Figure  5.  PVDF  Gauge  and  Target  Configuration. 


TIME  (ui) 


Figure  6.  PVDF  Stress  Gauge  Data  From  Pulsed 
Laser  Experiments  (SPRITE). 


Representative  data  from  a  pulsed  Ion  beam 
experiment  aie  shovni  in  iiyio''  T.  Again  liie 
desiiable  large  ■jignal  to  noise  ratio  lesnltiiuj 
from  the  I’VOF  sbarge  untpnt  cliaraL t ei  i st  i e  is 
evident.  IJnambtgiioos  (amplitude  and  recording 
time)  shook  wave  measurements  in  these 
environments  crnild  not  he  made  .vithr-nt  the  I'VOF 
output  due  to  the  large,  e' l  r  i  ■,  a  1  1  v  n-  is., 
pulsed  power  accelerators  used  to  generate  ion  and 
photon  fluxes. 

Gas  Shock  Tube  Methods 

PVDF  traiisdirters  have  seen  surresstnl  application 
ffrt  rrrcasut  inc/  low  amplift/de  slx.i  k  in  gas  (air) 
sho' k  tube,.  The  gauging  i  equ  i  r'ement  s  were  easily 
met  line  to  the  versatilitv  rjf  rvDF,  perriiitting  air 
shock  measurement  with  e  time  resoli"'on 
previou.lv  not  obtainable.  F  xper  i  iment  a  1  i  on  at  the 
Ktedi  shock  !  iilie  facilitv  has  os  t  ah  1  i  shed  the 
u-.efulness  '1  PVOF  as  an  air  shcci  transducer. 
PVMI  transducers  were  bonded  onto  a  shock  tube 
insert  as  shown  in  figure  8.  A  reference  gauge 
(P(H  model  iOcAor  a  quart/  element  gauge  with  a 
resonant  f  r-ecpieiK  v  c-t  KH/,  and  a  sensitivity 

Ilf  ab'iut  /  . mv  Pa  over  a  laniie  fri'iii  0  to  800  KPa) 
was  used  to  determine  equilibrium  pressure  after 
the  initial  air  sho.  k  reflected  from  the  shock 
t  ulie  i  user  t  . 

Ail-  shni  k  .  were  initiated  in  the  tube  produoing 
reflected  tu'essures  between  B  and  P"0  kPa.  the 
sjiinal  from  the  PVDF  was  recorded  hv  a  leCroy 
'.'■inpA  dii|it.il  osc  i  I  I osi  ope .  fhe  PVDF  output  was 
leioided  ill  the  ctiaige  mode,  w^tii  tlie  signal  sent 
iliierlly  to  the  scope  iuptit  {Iti’fll  ovei  meters 
of  (able  Md|.  A  tvi.iical  data  retoi'd  is  shown  in 
(  i(|ur!'  '),  whirli  shows  the  excellent  time 

1  i-'.iilut  ion  that  can  be  obtained  with  these 
I  I  .ur-diu  ers  .  Fhe  data  obtained  during  ttiis  series 
o!  shock  tube  e 'peri  mcnt  s  is  shown  in  Figui'e  Iti, 
.uciges  t  i  nil  a  uuia'ial  .Irciin  lalibration  factor  ot 

d  -  15.7  1  0.7  pC/rt 
ux 

tor  the  I ow - sr, e>-pres sii re  air  shock  response  of 
PVpf  .  A  linear  response  to  air  shock  is  expeited 
up  to  pressuies  of  appro  >  imately  100  MPa  (1  Kbai') . 

All  sho' k  measurement s  with  PVliF  were  coraplif.ated 
liy  thermal  effects.  The  pyroelectric  response  of 
P'/in  is  Jill!"  lui'Po  i  I  h  I  hr  '  harne  ilemitv  per 
dri|i(-.'  til.  Ill  li(.iiig  ri|i;  i  va  I  ent  to  pr.’ssiii  es 
ul.ioul  III  klsi.  f.eil  (lie  linvesi  pie‘.si)res  Used, 
till-  t 'iiipr'i  a  I  lo  e  II,  I  tie  ail  s!ioi  t  w.v  a  tew  decpees 
aliove  amliieni.  '.iil'.!  ant  i  a  !  rff'-.i  w.is  ob-.ei -.ei) 

wlu'ii  I  l|e  lira;  ji  an  til"  ail  Sh'nF  reai  heil  the 

.11  I  i  VI  area  of  tile  t  r.u' sdnce  r .  fhe  '  hat  so  fei  i  i ' 
time  liu  diffusion  uf  beat  Ihroiigli  the  spulleieil 
lead,  is  oil  t  tie  order  rif  I  (i. ,  c .  .nr  )  a  t  i  r..;i  t,.  the 
siipial  dr  i|  I  ada  t  i  on  sees  foi  an  :iu;iro|  er  |  pi) 

I  I  ,111  aim  •'  r  ,  a  t  li  i  ri  film  of  ,  i  I  o  r  i  i  I  v.a  p  1  ,i  nl 

o  V  r  I  1  fir  ,,  I  I  . ,1 1  i>a  of  III,'  1  I  air  I  ip  r  i  in  m  ilei  to 
slow  t  tio  dilfu'.|o|)  of  peat  thri'iiigh  the  |  m  1 1  ■ -des  . 
Ihi  r.prilirni  lilt  ion  i  eim  o'l  I  h>  thiimal 

e  I  I  n  I  .  Ill  I  i  iig  111"  ,  on  t  1  o  I  I  sir  F  f  nip* 

*''.[)'■  I  i  nil  11 1  ,1 1  1  on  .  Ill  field  -ipp  I  i  -  1 1  i  ■  ai  , ,  t  Ip- 1  iii.i  I 

"  !  I  i‘i  I  I  oil  I  il  tie  bet  con  I  I , ,  I  I  ei|  p .  I  I  'll  e,  t  i  ng  the 

|■‘d)(  fi.iiisdipri  with  a  thill  film  cd  leflon  m- 
other  suitable  covering. 
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Figure  7.  PVDF  Stress  Gauge  Data  From  Pulsed 
Ion  Beam  Experiments. 


Figure  8.  Mounting  Configuration  for  PVDF  Air 
Shock  Experimentation. 
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Figure  9.  Typical  PVDF  Air  Shock  Response. 


A  I  t  li'Mi'ih  till'.  .1  i  I'  '.lio'  k  A  ■  i'i’i  i  moil  I  t  i  nil  was 
c'lihiu'  ( "'I  III  .1  Mii.ill  (/!'  inm)  comp  re '.sod  air  'di'-ck 
tntir,  I  ho  I  »si  .  i  b  i  I  i  t  y  "f  I’VCIF  air  shuck 
nio.i'.iirr'iMi’ni  '  in  other  e  ■  per  i  inent.,\  1  en,  i  roinent  s  is 
atiiul',  ilpiii'  ii'it  ra  I  ed .  lliis  (jaiujiiu)  le(  liiM  qiie  is 
iiMiii'diaiol,  .ippl  i  r.ihl  e  111  O' |)  I  fiS  i  v'o  1 V  diiveii  sliurk 

tube.,  I  triir  <inil  small  li  i  (ih  -  o  •  p  I  m,  i  ve  ■.  i  iiiii  I  a  I  i  uir, , 

■  lllil  0  ■  p  I  O'  i 'odiirili'.'  >  '  pel  imoii!  .it  i  i.ii . 

Underwater  Shock  Methods 

Re- ent  0  ‘  t'oi  inieiit  a  t  i  I'll  at  '.andia  Nali'-'iial 
1  al”  1  .1  f "  r  i  0  .  and  H  e.  h  ha.  denioii  .!  i  .if  e(l  ttie 

ri'.i.ibilil',  !■(  undo  1  v.i' I  •' 1  .i'll,  i  me,!  sii  I  eiii.’ii  I  s  with 

IWllI  .  Irt"  tvlc.  of  I’Vl'l  liivii'ina  t  or  slir.i  k  (j.iiiges 
were  tii'lijeil  t"  eer-.u.l  t,hi>'''.‘.  U'  ' m  f  rum  small 

e. pb'Sive  detonators  (RF-ll.  Ihe  tir.t  '.  1  \  1  e 

(I.iitijo  was  '  iiiiil.)!'  t"  tile  ,1  i  1  ohui  k 

■i<  I  dis/ir.  e.i  al>'U>,  'ir.  i  >  '  i  ir^Ht  a  ]  min 

t’Vf'd  •ia  i.il,i'"i  li  .iidei!  lo  a  i"  '.  ii!"i'ate  piiiij. 

11..  tiaii.dll'.  I  V..;.  fo.ere,)  ^ .  tlmi  I.'lb.n 

t  i  ,’ii'  I'.d  '  i,'.)o’ii(lnd  II, to  the  'tiamt'or  "ii  a 

111.. .  I  .  I  .  i  h  1  ..  I  ■  p'  ■  1 1  III'  |e  .'.  I  i  M I  "iir|t'.|  I  0 

ill"  1  ,1,1  .  ill.  letir.  ti'iii  'I  I  aijiri  I  i  "II  "f  111.'  water 
■.h"  k  "M  lie  plii'i  fee.  ItO’  se.'^tiil  .I-.t"  v.-iter 
sh'  ■  1  '1,10. |e  :,,ii'  I  t.-|i  "f  <  'I  mm'  t'Vtlt  1 1  aiisdii'er 

111.  Iil,!"'l  "I,  I  lie  eirl  "t  ..  Id'in  I.',!,  a.  .lepiitod  III 
Mil'll'  II.  I'll,  p.'sii  'laiiii"  wa  ill!. >11. led  t"i  f  i  ee 
flel'l  „,ii  ,  h"  1  iin'a  ■  n ,  ei:i.  II I  ,,  liolli  ij.iinje  ,  weie 
r...  in  'he  ■li.i'.po  Ill'.'Je  ive.  ,i|ip'i  o-  iniat  e|  ,  1,1.) 

f, ,'i  I  of  'I,  ",  '..il'iio.  id  Ivp'Ual  diii.i  tiace  for 

e,n  h  (|aiii|"  i ',  shown  .  ii  figure  IP. 


ihesp  re.  . li  ds  show  tiie  rapid  and  rolmst  PVDF 
10'  ,1"||I  .e  I  '  w.ll"l  .Ill'll.  Ihe  'tiffeienie  in  iinipilt 
i  due  t"  the  l,ii.|ei  •  I  I".'  nie.i  i|',ei|  in  till'  pio'lie 
((iinp'  a.'i'l  '  li.|ht  >1  i  f  I  <1  ein  n  ,  in  p  I  areiiient  with 
re  ope.  I  t  . .  Ihe  [|e  t  .  '11,1  :  1  .  , ,  .  I  tie  ',110  11  pe|  i  |-|(J  (  '  I  Ml 
ir,  )  nois.'  seen  in  |i"l'‘i  ''’i.'i'ds  wis  loii.'lated  to 
riii'iiiKi  ill  Ilie  '.il.den.  I  1  l'"iii|h  this  is 

pielimin.ii,  .hit, I,  and  e.,iri  ,  ,  i  hr,i  I  i  on  f,f  rvDI 
resp.'nse  |.i  walei  '  li'ii  t  re'|iiiie..  fiirllier  effort, 
the  ah  i  I  i  I  I  "  nie.i  ,in  sh. "  1  in  fluids  i  ,  .  1  eai  I  y 
dem.  .11  , 1  I  ,1 1  ...I . 
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Figure  10.  Low-Overpressure  Air  Shock  Data. 


Figure  11.  Probe  Type  Water  Shock  Gauge. 


figure  1?.  Typical  Data  From  PVDF  Water  Shock 


SUMMARY 


PVDF  hfl";  m-iny  applirfltions  in  shnrk  meft‘;iirempnt<; . 
Rpcpiit  advances  in  slretcliinq  and  putimj 

tPilniicines  have  lesuitecl  in  a  reinuduc ib le  shnck 
I  raiisdi)' er  wl>icli  cai)  i  esp"nd  tu  fast-tising  ("ns) 
shack  wave's,  Attentinn  in  qiialilv  conlrol 

I  cment  s  cf  i>r  ddiu  I  i 'iii  and  details  of 

calibration  tesis  leads  to  idenci'^al  response  for 
ijaiicjes  prndneed  at  separate  facilities  in  trance 
and  tlie  Un  i '  ed  Stales.  Ihe^e  transclncers  have 
been  used  at  stresses  as  high  as  4d  GPa.  Lower 
stiess  ra  I  i  brat  i  on  (l  0  kpaj  of  similar  transducers 
usincj  a  ga  .  shock  tube  have  also  been  reported. 
Ihe  wide  range  of  PVDF  gauge  apjcl  i cabi  1  i  t  v  is 
limited  primarily  by  the  experimentalist's 

imagination. 
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PIEZOELECTRIC  POLYMER  SHOCK  GAUGE  APPLICATIONS 


Q:  Steve  Baker  (Oakridge  National  Laboratory) :  I  noticed  that  the 
rise  time  is  very  fast  on  this  device.  What  is  the  frequency  band 
width? 

A:  Larry  Lee:  The  gauge  is  responding  to  the  stress  difference  be¬ 
tween  the  two  faces  of  the  transducer,  if  it's  properly  bonded  and 
properly  fabricated  into  a  mechanical  matching  backing.  It  has  a 
transient  time  at  about  four  nanoseconds.  So  consequently,  you're 
usually  limited  by  the  recording  device. 

Q:  Steve  Baker:  This  is  flip  side  to  what  you're  doing.  You're 
measuring  very  high  pressure  levels,  large  stress.  What  about  on  the 
other  end?  Could  you  use  it  in  the  very  low  pressure  end  since  it  has 
more  gain  than  other  types  of  piezoelectrics? 

A:  Larry  Lee:  What  do  you  mean  by  low  pressure? 

Q:  Steve  Baker;  Down  to  a  few  psi  or  lower. 

A:  Larry  Lee:  The  lower  pressure  data  that  I  showed  down  to  10®  and 
10“*  pascals,  I  think,  one  psi  is  7  X  10^  pascals.  So  those  data  were 
taken  down  to  a  fraction  of  a  psi. 

Q:  Pat  Walter  (Sandia  Labs):  On  the  pressure  time,  the  shock  tube 
data,  you  didn't  specifically  say  it,  but  I  just  inferred  from  your 
preamble  that  the  backup  material  to  your  gauge  in  that  was  teflon? 

A:  Larry  Lee:  That  was  actually  plexiglas,  and  when  we  look  at  the 
shock  response  down  at  very  low  pressures  the  teflon,  the  plexiglas, 
the  Kel  F;  there  are  differences  but  they  are  not  as  noticeable  as  the 
chart  I  showed,  which  went  up  to  a  100  kilobites. 

Q:  Pat  Walter;  You  showed  some  at  least  one  piezoelectric  constant 
up  there.  What  do  they  know  about  the  other  piezoelectric  constants? 
Like  the  shear  constants  D13, 

A:  Larry  Lee:  Not  near  enough,  everything  I've  talked  about  has  been 
in  a  condition  of  one  dimensional  strain  shock  loading.  When  we  want 
to  record  the  milliseconds,  and  we  want  to  use  this  gauge  in  other 
arenas,  if  you  will,  there  has  to  be  work  done  in  that  area.  One 
piece  of  work  that's  been  done  now,  is  using  the  PVDF  in  a  spilt 
Hopkinson  bar  configuration,  where  it  was  between  steel  bars.  The 
only  good  news  out  of  that  is  the  fact  that  the  gauge  behaved  in  basi¬ 
cally  the  same  mtanner.  The  output  was  shifted,  not  shifted  markedly 
so  you  were  getting  more  output,  because  we  think  you're  getting  con¬ 
tributions  from  the  others. 

Comment:  Pat  Walter:  The  reason  I  asked  about  the  other  constants 
and  just  concluding  the  discussion,  if  you  ignore  the  high-stress  ap¬ 
plication  you  might  infer  that  the  material  is  not  particularly  excit¬ 
ing  for  one  reason,  it  just  has  a  large  pyro-electric  output  so  you 
have  a  lot  of  thermal-drift  associated  with  it.  But  in  Anthony's  talk 
("Built-in  Mechanical  Filter  in  a  Shock  Accelerometer")  he  eluded  to 
the  problem  of  zero  shift,  which  you  always  get  in  f ero-electric 
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ceramics  at  high  levels.  Just  because  you  get  some  misorientation  of 
the  dipoles  since  that  material  seems  to  be  attuned  to  working  at  the 
high-stress  level  that  might  be  a  candidate  material  for  pyro-electric 
type  shock  accelerometers. 

A:  Larry  Lee:  Very  well  could  be. 

Comment:  Ray  Reed  (Sandia  National  Labs):  Larry  I'd  like  to  make 
some  comments  to  what  you've  just  said.  First  with  regard  to  the  band 
width,  this  group  customarily  thinks  in  terms  of  bandwidth  other  than 
being  a  shock  reverberation,  you  do  not.  The  gauge  has  a  peculiar 
characteristic  that  probably  most  of  you  are  not  accustomed  to  think¬ 
ing  in  terms  of.  Namely  that  when  you're  interested  in  looking  at 
very  short  duration,  fast  rise  shocks,  the  gauge  response  in  one  man¬ 
ner,  it  responds  in  the  fashion  that  Larry  described  as  looking  at  the 
stress  difference  between  opposite  faces.  So  on  each  reverberation 
it's  behaving  as  a  thick  quartz  gauge.  Through  that  process  depending 
on  the  nature  of  loading,  you  ring  up  to  equilibrium  state  very 
quickly  over  about  ten  cycles.  So  in  about  15  nanoseconds  you've  rung 
up  to  the  peak  amplitude.  So  the  inverse  of  that  you  might  think  of  as 
the  bandwidth.  It  is  responding  in  like  a  10®  hertz.  Second  comment, 
was  in  regard  to  Pat's  question  regarding  the  transverse  coefficients, 
while  neither  of  us  said  so,  one  of  the  favorable  characteristics  of 
the  gauge,  in  a  sense,  is  that  it  does  have  a  hydrostatic  response, 
which  means  that  the  normal  directional  loading  is  not  completely  com¬ 
pensated  for  by  transverse  loading.  The  D31  coefficient  that  you 
asked  about  Pat  is  not  a  shear  coefficient,  it's  a  transverse  coeffi¬ 
cient  and  both  31  and  32  are  not  zero  but  they're  not  at  all  well 
known  for  this  particular  material  and  we  have  work  in  process  on 
that.  But  with  regard  to  your  question  about  shear  response,  for¬ 
tunately,  this  material  does  not  have  a  shear  response.  That  is  one  of 
the  coefficients  that  is  null  in  the  sensitivity  matrix.  Beyond 
that--the  comment  with  regard  to  the  pyro-electric  response  is  an  open 
question  right  now.  This  material  is  extremely  pyro-electrically  sen¬ 
sitive,  it's  a  better  temperature  sensor  than  it  is  a  stress  sensor  in 
fact.  And  so,  there  is  a  question  that  we're  trying  to  deal  with  is, 
"What  is  the  interaction?"  In  the  paper  that  I  presented  here  last 
time,  I  made  the  comment  because  of  the  way  those  coefficients 
interact--it  is  quite  possible  that  what  we're  seeing  as  a  stress 
calibration  is  in  fact  a  combination  of  stress  loading  and  shock  heat¬ 
ing.  Because  of  the  way  the  experiments  have  been  done  to  this  point, 
it  does  nor  allow  you  to  separate  those  two  effects.  I  believe, 
Larry,  you've  had  a  number  of  results  or  at  least  a  few  where  not  only 
have  you  been  able  to  track  the  rise  time  but  also  the  release  path 
all  the  way  back  to  the  base  line.  And  that's  the  indication  that  at 
least  in  those  particular  experiments  that  we  have  at  very  high 
stress.  The  heating  was  not  a  problem,  because  that  would  have 
remained  while  the  stress  vanished. 

Comment:  Larry  Lee:  We  would  expect  it  not  to  begin  to  come  back  to 
the  baseline  if  the  heating  was  having  the  kind  of  effects  we  typi¬ 
cally  think  of . 
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"Selected  Time  Histories  and  Power  Spectral  Densities  of  Environmental  Data  Taken  on 
the  Smart  Radar  at  the  Army  Proving  Grounds  Yum^^  Arizona  During  March  1988" 

Wesley  Paulson 

Twenty-six  shots  were  fired  during  the  test  of  the  SMART  RADAR  (4  calibration  and 
22  evaluation).  Immediately  after  each  shot,  the  data  were  examined  and  were  found  to 
be  of  good  quality.  This  "near  real  time"  examination  also  showed  a  general  increase  in 
the  various  responses  (pressure,  acceleration  and  strain)  as  the  test  progressed  (as  the 
SMART  RADAR  was  m.oved  closer  to  the  gun).  Some  differences  were  seen  between 
those  tests  where  the  radar  was  facing  the  gun  and  those  tests  where  the  radar  was 
orthoginal  to  the  gun.  These  differences  seemed  most  pronounced  in  the  case  of  the 
strain  data. 
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tutorials 


INSTRUMENTS 

A  DYNATECH  COMPANY 


GROUNDING  &  SHIELDING 
FOR 

INSTRUMENTATION 

SYSTEMS 


GORDON  DEAN 

PACIFIC  INSTRUMENTS,  INC. 
215  MASON  CIRCLE 
CONCORD,  CA  94520 
(415)  827-9010 
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GROUNDING  &  SHIELDING 

DIRECT  EFFECT- ACCURACY/ PERFORMANCE 
EQUIPMENT  &  FACILITY  LIMITATIONS 
UNDERSTAND  &  VISUALIZE 
PROBLEMS  ARE  "MYSTERIOUS" 

INSTRUMENTATION  SYSTEM 

MEASURE  LOW-LEVEL  SIGNALS 
REJECT  NOISE-COMMON  MODE 
TRANSITION  GROUND  ENVIRONMENT 


INPUT  CABLE 


PHYSICAL  CONSTRAINTS 
ELECTROSTATIC  SHIELDING 

A)  MYLAR/FOIL 

B)  BRAID 

ELECTROMAGNETIC  PICKUP 

A)  MINIMUM  LOOP  AREA 

B)  MAGNETIC  SHIELDING 

C)  INTER-8 -WEAVE  CABLE 

BEST  RESULTS 

TWISTED  PAIR 
MINIMUM  LOOP  AREA 
FOIL  SHIELD-HIGH  COVERAGE 
CONTINUOUS  SHIELD  THROUGH  INTERFACES 
AVOID  HIGH  MAGNETIC  FIELDS 
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GUARD  SHIELD  RULE 


SIGNAL  CONDUCTORS  &  ELEMENTS  MUST  BE 
ENCLOSED  IN  AN  ELECTROSTATIC  SHIELD 
&  NOT  CONDUCT  ANY  SHIELD,  GROUND  OR 
OTHER  NON-SIGNAL  CURRENTS. 


ERROR  =  18.8uA  X  350  OHMS 


COMMON  MODE  SIGNALS 

DC  TO  RF-POWER  FREQUENCY 
MILLIVOLTS  TO  1000  VOLTS 
TRANSIENT 


FIGURE  16  CURRENT  SHUNT  IN  DELTA  CONNECTED  LOAD 
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SOURCE  CURRENT 


GENERATES  COMMON  MODE  VOLTAGES 
REQUIRES  OHMIC  RETURN  TO  OUTPUT  COMMON 
RETURN  PROVIDED  THROUGH  GUARD 


FIGURE  11  WAGNER  GROUND  -  BRIDGE 


FIGURE  12  WAGNER  GROUND  -  THERMOCOUPLE 
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FIGURE  17  GROUNDED  FULL  BRIDGE 


FIGURE  18  FLOATING  FULL  BRIDGE 
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OUTPUT  grounding 
COMMON  POWER  SUPPLY 
FIGURE  26 
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DYNAMIC  MEASUREMENTS 
ARE  SELDOM  ROUTINE 

By;  J.  F.  tally 

PCB  Piezotronics,  Inc. 

Depew,  NY  14043 


Excerpts  from  tutorial  presented  at: 

1 5'^  Transducer  Workshop 
Cocoa  Beach,  Ft 
June  20-22,  1989 
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3.  UNDERSTANDING  THE  SIMILARITIES  OF  VOLTAGE  MODE  INSTRUMENTATION: 


QUESTION  OFTEN  CX)MES  UP  ON  THE  DIFFERENCES  IN  CHARGE  AND  VOLTAGE  MODE 
INSTRUMENTS?  THE  QUESTION  USUALLY  COMES  FROM  SOMEONE  FAMILIAR  WITH 
CHARGE  MODE  SYSTEMS.  WE  FIND  IT  HELPFUL  TO  ANSWER  IN  TERMS  OF 
"SIMILARITIES"  SINCE  SIGNAL  CONDITIONING  FUNCTIONS  IN  BOTH  SYSTEMS  ARE 
BASICALLY  THE  SAME.  THE  FUNCTIONS  MAY,  HOWEVER,  BE  ACCOMPLISHED  IN 
DIFFERE?JT  LOCATIONS  IN  EACH  SYSTEM. 

THREE  BASIC  SIGNAL  CONDITIONING  FUNCTIONS  IN  BOTH  SYSTEMS  ARE: 

1 .  )  IMPEDANCE  CONVERSION 

2. )  SIGNAL  NORMALIZATION 

3 .  )  GAIN  ADJUST 

ALL  THREE  FUNCTIONS  ARE  COMMON  TO  BOTH  SYSTEMS-ONLY  THE  LOCATION  AND 
METHOD  OF  ACCOMI>LISIiING  THE  FUNCTION  MAY  VARY. 

IMPEDANCE  CONVERSION: -THE  FIRST  FUNCTION 

THE  primary  FUNCTION  OF  ANY  PIEZO  SIGNAL  CONDITIONER  IS  TO  CONVERT  HIGH 
IMPEDANCE  CHARGE  OUTPUT  FROM  CRYSTAL  INTO  A  USABLE  LOW  IMPEDANCE 
VOLTAGE  SIGNAL.  GUITABLE  FOR  RECORDING  PURPOSES. 

IN  CHARGE  SYSTEM  THIS  IS  ACCOMPLISHED  REMOTELY  BY  A  HIGH  GAIN 
CAPACITIVE  FEEDBACK  AMPLIFIER  IN  THE  CHARGE  AMPLIFIER.  IN  THE  VOLTAGE 
MODE  SYSTEM  IMPEDANCE  CONVERSION  IS  ACCOMPLISHED  BY  MOSFET  OR  JFET 
MICRO-ELECTRONIC  AMPLIFIER  SFALED  INSIDE  THE  SENSOR. 
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TECHNICAL  AND  ECONOMIC  SIGNIFICANCE: 

THE  LOW  IMPEDANCE  VOLTAGE  MODE  SYSTEM  OFFERS  IMPROVED  SIGNAL/NOISE 
CHARACTERISTICS,  ESPECIALLY  WHEN  DRIVING  LONG  CABLES  IN  ADVERSE  FIELD, 
FACTORY  OR  UNDERWATER  ENVIRONMENTS.  ECONOMIC  SIGNIFICANCE  INVOLVES  USE 
OF  LOWER  COST  STANDARD  COAXIAL  CABLE  AND  SIGNAL  CONDITIONERS. 

SIGNAL  NORMALIZATION  fOR  STAND7UH)I2ATION) -THE  SECOND  FUNCTION 

CHARGE  AMPLIFIERS  HAVE  A  POTENTIOMETER  CIRCUIT  TO  ENTER  CHARGE 
SENSITIVITY. 

VOLTAGE  MODE  SYSTEM 

1.  NORMALIZATION  MAY  BE  ACCOMPLISHED  WITHIN  SENSOR,  OR 

2.  IN  THE  POWER/ SIGNAL  CONDITIONER 

NORMALIZATION  INSIDE  THE  SENSOR-TECHNICAL  ADVANTAGES 

1.  SIMPLIFIES  OPERATION 

2.  MINIMIZES  RECORD  KEEPING  IN  MULTI-CHANNEL  SYSTEMS 

3.  FACILITATES  INTERCHANGEABILITY  WITHOUT  MAKING  CIRCUIT 
ADJUSTMENTS 

GAIN  THXJUSTMEN^r-THIRD  FUNCTION 

1.  GAIN  ADJUSTMENT  CIRCUITRY  IN  CHARGE  AMPLIFIER 

2.  VOLTAGE  MODE  SYSTEM  UTILIZES  GAIN  AVAILABLE  IN  READOUT 
INSTRUMENT  OR  IN  POWER  UNIT,  IF  REQUIRED 
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TECHNICAL  AND  ECONOMTCAI^  SIGNIFICANCE 

IN  A  CONTROLLED  LABORM’ORYT  ENVIRONMENT  OR  OTHER  CONDITIONS  SUITABLE  FOR 
OPERATING  HIGH  IMPEDANCE  CIRCUITRY,  GAIN  ADJUST  IN  CHARGE  AMPLIFIER 
ALLOWS  FULL  UTILIZATION  OF  THE  VERY  BROAD  DYNAMIC  RANGE  OF  PIEZO 
SENSORS . 

SINCE  MOST  APPLICATIONS  IN\'OLVE  LIMITED  DYNAMIC  PJUJGE,  IN  THE  VOLTAGE 
MODE  SYSTEM,  GAIN,  IF  NEEDED,  KAY  BE  OBTAINED  FROM  LOW  COST  POWER 
UNITS,  EXISTING  IKSTRUMEJETATION  AMPLIFIERS,  OR  IN  THE  READOUT 
INSTRUMENT  ITSEI.f  . 

- WHICH  SYSTEM  IS  BEST???  - 

THAT  DEPENDS  ON  THE  TECHNICAT.  CONSIDERATIONS  INVOLVED  WITH  THE 
APPLICATION.  THE  TEdWTCAL  AND  ECONOMICAL  ADVANTAGES  OF  OPERATING  WITH 
A  LOW  IMPEDANCE  VOLTAGE  SYSTEM  ARE  READILY  APPARENT  WHEN: 

1.  DRIVING  LONG  CABLES 

2.  OPERATING  UN  ADVERSE  FNVIRONMENTS  NOT  SUITABLE  FOR  HIGH 
IMl>EDAN  :  CiRCDITKY 

3  .  AND  I?/  CONTINUOUS  TINATTENDED  MONITORING  APPLICATIONS 

ON  THE  OTI?ER  ILAND,  IN  THE  LABORATORY  WHERE  CONDITIONS  ARE  DIFFERENT, 

THE  CHARGE  AMTj/lFTTJ?  RFRVES  A  USEFVI.  PURPOSE  WHEN  VERSATILITY  IS 
REQUIRED  FOR  USK  WJ  I/;  A  K I  OF  RANGE  OF  PIEZO  SENSORS.  IN  INTERIOR 
BALLISTICS  APPLICATIONS,  THE  EI.ECTROSTATIC  CHARGE  AMPLIFIER  FACILITATES 
STATIC  CALIBRATION,  IN  SOME  PRESSURE  AND  FORCE  APPLICATIONS  IT  PROVIDES 
FOR  QUASI-STATIC  PFSPONSE. 


SIGNAL  CONDITIONING  FUNCTIONS 
IN 

CHARGE  AND  VOLTAGE  MODE  SYSTEMS: 


*  IMPEDANCE  CONVERSION 

*  NORMALIZATION 

*  GAIN  ADJUST 


CHARGE  MODE  SYSTEM: 


NORMALIZATION 


VOLTAGE  MODE 
ACCELEROMEiFR 
VITH  BUILT-IN  AMPL. 


RIBBON  WIRE  CABLE 


MODERN  FFT  ANALYZER  OR 
VIBRATION  MONITOR  VITH 
BUILT-IN  CURRENT  SOURCE 
FOR  I.C.P.  ACCELEROMETERS 


VOLTAGE  MODE  SYSTEM; 
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P[B 


PIEZOTRONICS 


4.  LONG  CABLE  CONSIDERATIONS: 


HISTORICALLY,  DRIVING  LONG  CABLES  HAS  BEEN  ONE  OF  THE  MOST  "GREMLIN" 
PLAGUED  APPLICATIONS-  COMMON  PROBLEMS  HAVE  BEEN  ASSOCIATED  WITH 
ENVIRONMENTAL  CONDITIONS  SUCK  AS  DOST,  MOISTURE,  LIGHTNING  AND  RODENTS 
EATING  THE  CABLES.  OPERATIONAL  PROBLEMS  INCLUDE  GROUND  LOOPS,  POOR 
SIGNAL/NOISE  AND  AMPLl'lIToE/ FREQUENCY  CALIBRATION  OF  LONG  LINE  SYSTEMS. 


THE  CAPABILITY  OF  'HIE  LOW  IMPEDANCE  VOLTAGE  MODE  SENSOR  TO  DRIVE  LONG 
ORDINARY  COAXIAL  CABLES  IN  ADVERSE  ENVIRONMENTS  HAS  HELPED  NEUTRALIZE 
OR  AT  LEAST  MINIMIZE  THE  EFFECTIVENESS  OF  THE  "GREMLINS". 

THERE  APE  SE</ERAL  GB2IERAI.  GUIDELINES  FOR  DRIVING  LONG  CABLES  THAT  WILL 
HELP  MINIMIZE  PROBLEMS  AND  IMPROVE  MEASUREMENT  RESULTS. 


SEE  ILLUS'rRATIONS:  GENERAL  GUIDELINES  FOR  LONG  CABLE  DRIVING 

SIGNAL  DELAY  AMPLITUDE  ATTENUATION 
LIKE  RESONANCES 


SINCE  IT  IS  REIATIVELY  SIMPLY  TO  TEST  YOUR  LONG  LINE  SYSTEM,  THE 
MESSAGE  HERE  IS  "TEST",  "DON’T  GUESS"! 
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4)  USE  073A  LINE  IMPEDANCE  MATCHER. 

5)  TEST  FOR  FREQUENCY  AND  AMPLITUDE  WITH  SIGNAL  GENERATOR  AND  UNITY  GAIN 

SOURCE  FOLLOWER.  USE  SQUARE  WAVE  TO  CHECK  FOR  LINE  RESONANCES  -  T 
OUT  BY  ADJUSTING  073A  IMPEDANCE  MATCHING  RESISTOR. 
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LINE  RESONANCE  (overshoot) 
RESULTING  FROM  SQUARE 
WAVE,  FAST  RESPONSE,  TEST 
SIGNAL  INPUT 


ADJUSTING  073A  LINE  IMPEDANCE 
MATCHING  RESISTOR  TRIMS  OUT 
LINE  RESONANCE 


400  ft.  RG-62U  -  No  Series  Resistor 


400  ft.  RG-62U  -  91  a  Series  R  (073A) 


LINE  RESONANCE  (overshoot)  IS  CAUSED  BY  INDUCTANCE  IN  THE 
LONG  LINE.  THE  SERIES  RESISTOR  ACTS  LIKE  AN  LP  FILTER  AND  CAN 
BE  ADJUSTED  TO  TRIM  OUT  OVERSHOOT. 
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OPERATING  IN  LOW  IMPEDANCE  VOLTAGE  MODE 
PERMITS  WIDE  SELECTION  OF  STANDARD  LOW  COST 
CABLES  AND  CONNECTORS. 


l!:; 

i  y 


BNC 


ORDINARY  COAX 


RG-58U 

RG-62U 


^4. 


BNC 


‘  f  y 


2-PlN  SOLDER  CONNECTOR 
10-32  THD 


.RIBBON  WIRE 


STD  IDC 

(Insulation  Displacentnt  Connector) 

RIBBON 


/ 

ADHESIVE 

MCUNTINS 

PAD 

if.l 


5.  RANGING: 


QUESTIONS  OFTEN  COME  DP  ON  RANGING  O’'  PIEZO  SENSORS.  WHY  WOULD  A 
PRESSURE  TRANSDUCER  RANGED  FOR  100  PSI  BE  SUGGESTED  FOR  A  ONE  PSI 
MEASUREMENT?  WHY  DO  GOME  TRANSDUCERS  LIST  A  5  VOLT  AND  10  VOLT  OUTPUT? 
HOW  DO  I  SELECT  A  TRANSDUCER  TO  MEASURE  1  1  PSI  AT  A  STATIC  LEVEL  OF 
1000  PSI? 

PIEZO  TYPE  SENSORS  HAVE  A  VERY  WIDE  LINEAR  DYNAMIC  RANGE  WHICH  CAN  BE 
AS  MUCH  AS  ONE  MILLION  TO  ONE.  IF  WE  TAKE  A  LOOK  AT  THE  CONSTRUCTION 
OF  A  TYPICAL,  QUARTZ  PRESSURE  SENSOR  COMPARED  TO  A  STTJ^^IN  TYPE  SENSOR, 

IT  WILL  HELP  UNDERSTAND  HOW  THE  WIDE  LINEAR  RANGE  IS  ACHIEVED. 

SEE  ILLUSTRATIONS:  QUARTZ  PIEZO  PRESSURE  SENSOR 

STR/^IN  G.AGE 


NOTE  THAT  THE  PRIMARY  DIFFERENCE  IN  THE  TWO  SENSORS  ILLUSTRATED  IS  THE 
THIN  DIAPHRAGM  ON  THE  QUARTZ  SENSOR  IS  ALMOST  FULLY  SUPPORTED  BY  A 
HIGHLY  PRELOADED  RIGID  QUARTZ  SENSING  ELEMENT.  THE  PRELOAD  IMPARTS 
EXCELIENT  LINEARITY  FOR  LOW  LEVEL  MEASUREMENTS  AND  THE  RIGID  QUARl’Z 
COLUMN  SUPPORTS  THE  DIAPHRAGM  TO  ESSENTIALLY  THE  YIELD  STRENGTH  OF  THE 
QUARTZ. 
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QUARTZ  PiEZO 
PRESSURE  SENSOR 


THIN  METAL  DIAT-fiRAGM 
SUPPORTED  BY  A  RIGID 
COLUMN  OF  OUARIZ 


STRAIN  GAGE 


THIN  LTJSUtT  L-hn  l- 
DIA^Hf^AGM 
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AS  CAN  BE  SEEN,  THE  DIAPHRAGM  OF  THE  STRAIN  TYPE  SENSOR  IS  UNSUPPORTED. 
THE  DIAPHRAGM  MUST  FLEX  IN  ORDER  FOR  THE  STRAIN  SENSITIVE  ELEMENT  TO 
CHANGE  RESISTANCE.  DIAPHRAGM  THICKNESS  IS,  THEREFOkE,  GAGED  TO  SUPPORT 
A  LIMITED  PRESSURE  RANGE. 

DYNAMIC  RANGE  TO  10,000  PSI .  AS  AN  ICP,  {INTEGRATED  CIRCUIT  PIEZO 
SENSITIVITIES  AND  RANGES. 

SEE  ILLUSTRATION:  -RANGING 

DESCRIBES  HOW  A  TYPICAL  WIDE  DYNAMIC  RANGE 
CHARGE  MODE  TRANSDUCER  IS  RANGED  AS  AN  ICP 
VOLTAGE  MODE  DESIGN 


IHE  BIAS,  (TURN  ON  VOLTAGE),  OF  THE  BUILT-IN  IC  CIRCUIT  AND  POWER 
SUPPLY  VOLTAGE  DETERMINE  THE  VOLTAGE  SWING: 

12  V  BIAS  18  VOLT  POWER  =  5-6  VOLT  SWING 

32  V  BIAS  24  VOLT  POWER  =  10  VOLT  SWING 

■niE  CAPABILITY  TO  MEASURE  SMALL  DYNAMIC  PRESSURES  UNDER  HIGH  STATIC 
LOAD  IS  A  UNIQUE  CAPABILITY  OF  PIEZO  PRESSURE  TRANSDUCERS.  SELECT  A 
TRANSDUCER  WITH  HIGHEST  SENSITIVITY  WITH  SUITABLE  OVERRANGE  CAPABILITY. 
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RANGING 


TYPICAL  CHARGP  MODE  iCP  PSi  PRESSURE  SENSOR 
LINEAR  DYNAMIC  RANGE  0  -  10,000  psi 

RANGED  AS  AN  ICP  VOLTAGE  MODE  SENSOR 
(Open  circuit  voltage  censitivity  50  mV/psi) 


I 

5V  FS 

10V  FS 

SENSITIVITY  I 

I 

RANGE 

RANGE 

50  rnVpsi  | 

0  -  100  psi 

0  -  200  psi 

1 10  irV/psi  j 

0  -  500  psi 

0  1000  psi 

CAPACITOR  AT  INPUT 

j  5  mV'psi  I 

0  -  1000  psi 

0  -  2000  psi 

or  IC  ATTENUATES 

i 

i  I 

SIGNAL  &  INCREASES 

j  1  rrV.'psi  1 

0  •  5000  psi 

0-1 0,000  psi 

RANGE 

/ 

/  1 

1  5  niV'csi  ! 

\  '  I 

1 

0  -  1 0  000  psi 

BIAS  VGLO^GE  OF  BUILT-IN  ICAND  POWER  SUPPLY  AND 
VOLTAGE  LEV-L  DETERMINES  5  OR  lOV  RANGE  CAPABILITY 

12V  BIAS  18V  POWER  -  5V  RANGE 

U'VBiA..  24V  ^YWvER  .  10V  RANGE 


6.  MODELING; 

COHPDTER  MODEI.ING  IN  THE  FORM  OF  FINITE  ELEMENT  ANALYSIS,  PERFORMED 
PRIOR  TO  EXPERIMENTAL  TESTING,  PROVIDES  INSIGHT  INTO  THE  PERFORMANCE 
CHARACTERISTICS  OF  THE  TEST  STROCTORE. 

IT  IS  EQUALLY  IMPORTANT,  WHENEVER  POSSIBLE,  TO  SET  DP  AND  MEASURE 
PERFORMANCE  CHARACTERISTICS  OF  A  BEHAVIOR  MODEL  OF  THE  TEST  STRUCTURE. 

SEE  ILLUSTRATION  OF  COMMON  BEHAVIOR  MODELS 
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TYPICAL  EXAMPLES 
OF  BEHAVIOR  MODELS 


SHOCK  TUBE 
(helium  driven) 


GUN  TUBE 
22  CALIBER 


T 

'!  ■‘iit - i\)L 


H  I  .  .1  .«!j» 

a 

;  -ij-  =  V 


DYNAMIC  CALIBRAriCN  AND  FREQUENCY 
RESPONSE  TESTING  OF  TRANSDUCER. 


PLEXIGLAS  DROP  SHOCK  MACHINE 


CHECK  OUT  BLAST  TRANSDUCERS 


SMAuL  COMPRESSOR 


CHECK  OUT  ACCELERA'i  iOf-  SHOCK 
SENSORS  CHANGE  ^MTER:a1.  IN 
IMPAC  T  BASS  TO  AL  I  UR  q  I  EvFl  AND 
FREOUENCY 


SMAI  L  CALIBER  01  IN  j 

u.srBARruu  | 

I  OTHER  MODEL  IDEAS: 


PROVIDES  REPEATABLE  OSCILLATING 
PR-SSUF^E  SOURCE. 


TESf  EALl.iSl  IC  !  RANuDML.tzrOv 
PIO.CT  .l^UJ  r.VOUN  PNG  ^ORTS. 


I  SMALL  ONE  CYL.  LNC 
I  MODEL  SOI  IFi  roC^'-L 


'  1- 
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—  COMBUSTION 


—  IHRUST 

—  FHLLFILLD 

BLA^^ 


MEASUREMENT  OF  THE  KNOWN  PERFORMANCE 
CHARACTERISTICS  OF  A  BEHAVIOR  MODEL  PROVIDES  FOR 

•  FAMILIARIZATION  &  CHECKOUT  OF  INSTRUMENTATION  IN 

A  CONTROLLED  ENVIRONMENT  WITH  LITTLE  RISK  OF 
DAMAGE  TO  EQUIPMENT 

•  SYSTEM  CHECKOUT  -  YOU  KNOW  INPUT  AND  DESIRED 

RESULTS  FROM  BEHAVIOR  MODEL 

•  TRAINING  OF  NEW  PERSONNEL  IN  MEASUREMENT 

APPLICATION 

•  TROUBLE  SHOOTING  -  TESTING  OF  QUESTIONABLE 

INSTRUMENTS  IN  BEHAVIOR  MODEL 

•  BETTER  ASSURANCE  OF  SUCCESSFUL  MEASUREMENT 

(ESPECIALLY  IMPORTANT  IN  COSTLY  1 -SHOT  TEST) 
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DISCHARGE  TIME  CONSTANT 

DEFINITION:  DISCHARGE  TIME  CONSTANT  (DIC)-  TIME  REQUIRED  FOR  A 

TRANS  DUG  Fi'  OR  MEASURING  SYSTEM  TO  DISCHARGE  ITS  SIGNAL 
TO  37%  Oy  TilE  ORIGINAI.  VALUE  FROM  A  STEP  CH7LNGE  OF 
MEASUREAND.  DlSCHAl^GE  TIME  CONSTANT  DIRECTLY  RELATES  TO 
THE  tow  FREQUENCY  MEASURING  CAPABILITY  FOR  BOTH 
TRANSIENT  AIjD  SINUSOIDAL  EVENTS.  (DTC  SHOULD  NOT  BE 
CONFUSED  WITH  RISE  TIME  WHICH  RELATES  TO  HIGH  FREQUENCY 
REStONSE.  ) 

DISCHARGE  TIME  CONSTANT  IS  SOMETIMES  CONFUSED  WITH  "RISE  TIME".  AS 
NOTED  ABOVE,  DTC  DEFINES  I-OW  FREQUENCY  RESPONSE.  A  RECENT  CALLER  WHO 
WANl'ED  TO  MAEE  A  FAST  RESr-ONfU:  SHOCK  WAVE  MEASUREMENT,  LOADED  THE  SCOPE 
INPUr  WITH  A  SO  OHM  RESISTOR  TO  "SHORTEN  THE  TIME  CONSTANT"  UNDER  THE 
ASSUMPTION  IT  WOULD  INCREASE  THE  RISE  TTME- 

■raiS  CONFUSION  MAY  ARISE  FROM  THE  DEi  INTTION  OF  "TIME  CONSTANT"  TAKEN 
FROM  THE  EIECTRONIC  DICTIGNARV,  S*^^GKAW-HTi J,  1978  WHICH  READS; 

"TIME  CONSTANT  IS  'i’SE  TIME  REQITIRED  FOR  A  VOLTAGE  OR 
CURP.irNT  IN  A  CIRCUIT  TO  RISE  TO  APPROXIMATELY  63%  OF 

ITS  STEADY  STATE  FINAL  VALUE  - OR -  FALL  TO 

APPROXIMATl-S.Y  37%  OF  ITS  INITIAL  VALUE. 

DISCHARGE  TIME  CONSTAm  S  ASSOC  LATEB  WITH  ICP  INSTOUMiaiTS  INCLUDE: 

THE  TRANSDUCER  DTC  WHICH  IF  Lin  ED  ON  THE  SPECIFICATION  SHEET,  AND  THE 
AC  COUPLED  POWER  UNIT  WHICH  nFXX)UI>LKS  THE  BIAS  VOLTAGE  RIDING  ON  THE 

lb9 


TRANSDUCER  SIGNAL  LEAD. 


WITH  CAPACITIVE  BIAS  DECOUPLING,  THE  CAPACITOR  AND  THE  INPUT  IMPEDANCE 
OF  THE  READOUT  INSTRUMENT  ESTABLISHES  A  HIGH  PASS  FILTER  WHICH 
DETERMINES  THE  LOW  FREQUENCY  RESPONSE - 

POWER  UNITS  ARE  ALSO  AVAILABLE  WITH  ACTIVE  OP-AMP  BIAS  DECOUPLING 
CIRCUITS  WHICH  PROVIDE  A  ZERO  BASED  LOW  IMPEDANCE  OUTPUT.  THIS  TYPE  OF 
POWER  UNIT  MAINTAINS  THE  TRANSDUCER  DISCHARGE  TIME  CONSTANT  INTO  ANY 
READOUT  LOAD  IMPEDANCE.  IT  IS  ESPECIALLY  USEFUL  WHEN  COUPLING  INTO 
TAPE  RECORDERS  WHICH  HAVE  INPUT  IMPEDANCE  AS  LOW  AS  2 OK. 

DISCHARGE  TIME  CONSTANT  AND  OTHER  TECHNICAL  INFORMATION  IS  DESCRIBED  IN 
MORE  DETAIL  IN  OUR  TAN  COLORED  «»GENERAL  GUIDE  TO  TCP  INSTRUMENTATION" . 
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APPLICATION  engineering  SUGGESTIONS  TO  IIEIU  SMOOTH  OUT 


IHE  MEASUREMENT  PROCESS 


DIGITMi  PEAK  KEfEt? . 

WHEN  RECORDING  MEAS fJRfr3«-LW  DATA  WITH  A  r-TGITAL  PEAK  HOLDING  METER, 
MONITOR  THE  INI'OT  WASTE  FORM  WITH  A  SCOPE.  OTHERWISE  YOU  CODLD  BE 
MONITORING  NOISE  FROM  A  I-OOSE  CONNECTION  OR  DISTORTED  TRACE  FROM  POOR 
SENSOR  INSTAIJ.ATTON. 

TRANSDUCERS  WITH  LONG  DISCHARGE  TIME  CONSTANTS: 

MAY  TAKE  LONGER  TO  TURN  ON.  MOST  PCB  UNITS  ILAVE  A  COLOR  CODED  METER 
THAT  MONITORS  THE  TURN  ON  (BIAS  VOLTAGE)  OF  THE  SENSOR.  ALLOW  A  FEW 
MINUTES  AFUER  TURNING  PO'WER  UNIT  ON  TO  SEE  IF  THE  MMER  POINTER  SWINGS 
INTO  Tim  "GREEN ^  REGION  INDICATING  PROPER  TURN  ON. 


REP2J_R  SFIRX'ICS; 

WHEN  RCTURNING  AN  'Ci  tJi  FOR  SERVICE,  ATTACH  A  TAG  TO  THE  ITEM  GIVING 
t  t-TAlLS  OF  THE  PRC  Tg  h7L  ALI50  COMMUNICATE  WHEN  YOU  FEEL  THE  ITEM  HAS 
NOT  PftliViDED  GOOD  SEi^.VJCli  LIFE  THIS  INFORMATION  IS  VALUABLE  WHEN  MIXING 
WARRANTY  AOTT/STMENT '-ROVJDK  A.  NAME  AND  TELEPHONE  NUMBER  SO  YOU  CAN 
BE  CAJA.L}  IF  n.JjIFD 

OIUIEH  SPARE  CAIH'HS  I 

CABLES  ARK  CiB  i'";  :  Y  ,  V-KD  A-  IHE  WEAKEST  ELEMENT  IN  THE 

MEASURmEKT  SYSTEM.  IF  YOU  rKfH’T  MAKE  YOUR  OWN  CABLES  OR  MAINTAIN  A 
STOCK,  ORDER  SPARE  CABLE.S.  CABLES  KILI.  LAST  LONGER  IF  THEY  ARE  TAPED 
OR  TIED  IXIWN  TO  RELIEVE  SrRES.‘^ES  AT  TOE  SENSOR  CONNECTOR. 


TRANSDUCER  INSTAT.TATTON 

THE  IMPORTANCE  OF  DETAILED  ATTENTION  TO  SENSOR  INSTALLATION  CANNOT  BE 
OVEREMPHASIZED.  PROBABLY  NO  OTHER  SINGLE  FACTOR  HAS  AS  MUCH  EFFECT  ON 
THE  QUALITY  OF  YOUR  MEASUREMENT  DATA.  POOR  INSTALLATIONS  USUALLY 
OVERSTRESS  SENSOR  HOUSINGS  AND  DISTORTED  DATA.  THE  SOLUTION  TO  A  POOR 
SEAL  SURFACE  IS  NOT  MORE  TORQUE. 

SEE  ILLUSTRATION:  SEE  PRESSURE  SENSOR  INSTL.  &  FORCE  SENSOR 
MOUNTING 

MOST  MANUFACTURERS  PROVIDE  DETAILED  MACHINING  INSTRUCTIONS,  SURFACE 
PREPARATION,  AND  RECOMMENDED  MOUNTING  TORQUE  FOR  THEIR  PRODUCTS.  IF 
YOU  DIDN'T  GET  THIS  INFORMATION  WITH  YOUR  PRODUCT,  REQUEST  IT. 
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OFF-CENTER 
SIDE  WALL 
STRAIN 


PRESSURE  SENSOR  INSTALLATION 

APPLY 

RECOMMENDED 


F( 


JRC 


R  MOUNTING 


EDOF 

lOAf^iNO.  CENTRAL 

t.OADING 
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CX)MMUNICATIONS  : 


WHEN  CALLING  IN  FOR  APPLICATION  ASSISTANCE,  PROVIDE  AS  MUCH  DETAIL  AS 
YOU  CAN.  A  BRIEF  DESCRIPTION  OF  YODR  APPLICATION,  APPROXIMATE  RANGE, 
FREQUENCY  RESPONSE  UNUSUAL  ENVIRONMENTAL  CONDITIONS,  AND  WHETHER  IT  IS 
A  TEST  OR  CONTINUOUS  MONITORING  IS  IMPORTANT. 

EG:  QUESTION:  WILL  YOUR  TRANSDUCER  OPERATE  AT  12000F? 

AI'JSWER:  YES  AND  NO,  IT  DEPENDS  ON  A  LOT  OF  OTHER  FACTORS. 

BETTER  QUESTION:  DO  YOU  HAVE  A  SENSOR  THAT  WILL  MEASURE  LOW  PRESSURE 
EXHAUST  PRESSURE  PULSATIONS  IN  A  DIESEL  ENGINE  AT  1200°F? 

ANSWER:  YES,  MODEL  112A21  50  mV/PSI  ACCELERATION  COMPENSATED 

TRANSDUCER  MOUNTED  IN  THE  MODEL  64  WATER  COOLED  ADAPTOR  OPERATES 
VERY  WELL  FOR  YOUR  APPLICATION.  THEY  ARE  DESCRIBED  ON  PAGES  13 
AND  26  IN  THE  CATALOG.  ARE  THERE  ANY  OTHER  UNUSUAL  ABOUT  THIS 
APPLICATION. 


WHEN  CATLING  ABOUT  EQUIPMENT  PROBLEMS  OR  OPERATION. 


1.)  HAVE  MODEL  NUMBERS  OF  SENSORS  AND  SIGNAL  CONDITIONERS. 


2.)  HAVE  CATALOG  AND  MANUAL  IF  YOU  CAN  lOCATE  IT  AT  HAND. 
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WHAT  DOES  SHORT-TERM  STATIC  RESPONSE  MEAN? 

YOU  MAY  SEE  REFERENCE  IN  THE  LITERATURE  TO  THE  EFFECT  THAT  A  SENSOR  MAY 
HAVE  "SHORT-TERM"  STATIC  RESPONSE  AND  IS  SUITED  FOR  "QUASI-STATIC" 
MEASUREMENTS. 

THE  USE  OF  SUCH  ^rx^DEFTNED  TERMINOLOGY  IS  PURPOSELY  USED  TO  ILLICIT 
CUSTOMER  QUESTIONS  ON  WHAT  IS  MEANT  BY  "SHORT-TERM"  AND  TO  OBTAIN 
MEASUREMENT  DETAILS  NECESSARY  TO  DETERMINE  IF  THE  SENSOR  IS  SUITABLE 
FOR  THE  J^PPLI CATION.  KEEl^  IN  MIND  THAT  MANY  QUARTZ  SENSORS  HAVE 
EXTENDED  DISCHARGE  TIME  CONSTANTS  LONG  ENOUGH  TO  PERMIT  STATIC 
CALIBRATION*  IN  SOME  CUSTOMER  APPLICATIONS  REQUIRING  NEAR  STATIC 
RESPONSE,  CERTAIN  CHARACTERISTICS  OF  THE  QUARTZ  SENSOR  MAY  BE  HIGHLY 
DESIRABLE. 

SUCH  DESIRABIJE  CHARACTERISTICS  MAY  INCLITDE: 

HIGH  STIFFNESS 

SMALIi  SIZE  COMBINED  WITH  HIGH  RANGE 
HIGH  VOLTAGE  OUTPHl' 

RUGGEDNESS  AND  LONG  LIFE  IMPARTED  BY  SOLID  STATE  DESIGN 

HOW  LONG  A  QUAirrZ  TRANSDUCER  WIIJL  MEASURE  A  STATIC  EVENT  IS  DETERMINED 
BY  SEVERAL  VARIABLES,  INCLUDING: 

DISCHARGE  TIME  CONSTANT  OF  THE  SENSOR  AND 
TKElUlAI.  AND  OTHER  EH/IRONMENTAL  CONDITIONS 


DURING  THE  APPKtCATION  DISCUSSION,  THE  TIME  DURATION  OF  THE  MEASUREMENT 
EVENT  IS  DETERMINED  RELATIVE  TO  THE  DTC,  TEMPERATURE  VARIABLES  AND 
OTHER  ENVIRONMENTAL  CONSIDERATIONS.  WITH  THIS  INFORMATION,  THE 
APPLICATION  ENGINEER  CAN  DETERMINE  IF  THE  SENSOR  IS  SUITABLE  FOR  THE 
CUSTOMERS  APPLICATION. 

OFTEN,  WHAT  IS  "STATIC  AND  WHAT  IS  "DYNAMIC"  IS  IN  THE  EYES  OF  THE 
BEHOLDER. 

A  TECHNICAL  REPORT  REFERS  TO  A  TEST  RUN  TIME  OF  l.f>  TO  6  MILLISEC  WHICH 
IS  ENOUGH  TO  ACHIEVE  "STEADY  STATIC  CONDITIONS", 

"ANO'IHER  CUSTOMER  ADVISES  HIS  PRESSURE  APPLICATION  IS  DYNAMIC — "IT 
CHANGES  TWICE  A  DAY". 
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BIAS  VOLTAGE 

AN  OUiPDT  OFFEEr  VOLTAGE,  COKMOliLY  REFERRED  TO  AS  "BIAS"  OR  "TORN-ON" 
VOLTAGE,  IS  A  NATURAL  CHARACTERISTIC  OF  FIELD  EFFECT  TRANSISTORS  USED 
IN  ICP  SENSORS  WHEN  POWERTJD  FROM  A  CONSTANT  CURRENT  POWER  SOURCE. 

IN  AN  ICP  SENSOR  INCORIYIRAT’ING  A  TWO  WIRE  SYSTEM;  THE  SIGNAL  RIDES  ON 
TOP  OF  THE  DC  BIAS  VOLTAGE-  THIS  DC  VOLTAGE  IS  REMOVED  IN  THE  POWER 
UNIT  BY  MEANS  OF  A  CAPACITIVE  BIAS  DEC'OUPLING  CIRCUIT  OR  AN  ACTIVE  OP- 
AMP  CIRCUIT. 

MONITORING  THE  DC  BIAS  VOLTAGE  WITH  A  METER  CIRCUIT  IN  IHE  POWER  UNIT, 
INDICATES  NORMAL  OR  FAULTY  SYSTEM  OPERATION.  THE  COLOR  CODED  READOUT 
METER,  OR  LED,  INDICATES  NORMAL  OR  FAULTY  OPERATION. 

ICP  SENSORS  ARE  AVAIIABI.K  WITH  DIAS  VOI.TAGE  IN  THE  3  TO  5  VOLT  AND  10 
TO  12  VOLT  RANGE. 

BY  ORIENTING  THE  CRYSTALS  IN  THE  SENSOR  TO  PROVIDE  EITHER  PLUS  OR  MINUS 
OUTPUT  POLARITY  AND  CHOOSING  EITHER  A  I,OW  OR  HIGH  BIAS  ELECTRONICS,  ICP 
SENSORS  CAN  BE  PROVIDED  TO  OPERATE  FROM  VIRTUAIJjY  ANY  SUPPLY  VOLTAGE. 

SEE  lU.USTRATION-TYPICAI.  2  WIRE  ICP  SYSTEM 


TYPICAL  2-WmE  ICP  SYSTEM 


ZERO  SHIFT 


THERE  ARE  SEVERAL  CAUSES  OF  ZERO  SHIFT,  AND  APPARENT  ZERO  SHIFT. 
POTENTIAL  CAUSES  OF  ZERO  SHIFT  AND  THE  CONDITIONS  WHERE  IT  IS  LIKELY  TO 
OCCUR  ARE  ILLUSTRATED. 


SEE  ILLUSTRATION-ZERO  SHIFT 


179 


ZERO  SHIFT 


0 

ZERO  SHIFT  CAUSES: 


LIKELY  TO  PRODUCE  ZERO  SHIFT: 


Sensor  design  or  quality  High  frequency  metal-to-metal  impact 

Mounting  stress  on  sensor  Non-precision  mounting  surface  or 

port  overtorquing 

Transient  thermal  effect  Flash  temperature  associated  with 

shock  or  blast  waves-no  thermal 
ablative 


Short  discharge  time  constant 

Uneven  loading 

Non-symetrical  filtering 

Spurious  electrical  inputs 

Erratic  connection:  open 
circuits 


Longer  duration  half-sine  or  nuclear 
simulation  events 

Edge  or  side  loading  of  sensor 

High  frequency,  heavily-filtered  data 

EMI,  RF  or  electrically  actuated  events 

High  shock  environment 
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RECOGNIZING  ERRATIC  <X>NNECTION 


SEE  ILLDSTRATION-THE  MICRODOT  CONNECTOR 


ON  MANY  SENSORS  USING  MICRODOT  CONNECTORS,  THE  GROUND  CONNECTION  PASSES 
THROUGH  THE  FIjOATING  THREADED  CONNECTOR - 

IF  THE  CONNECTOR  LOOSENS  DURING  A  MEASUREMENT  CAUSING  AN  INTERMITTENT 
OPEN  CIRCUIT,  IT  CAN  ACT  LIKE  A  SWITCH.  IN  ICP  TRANSDUCERS,  THE  SIGNAL 
WILL  GO  TO  THE  SUPPLY  VOLTAGE  AND  SHOW  FULL  SCALE  SPIKES  AS 
ILLUSTRATED. 

SEE  ILLUSTRATION-SOLDER  CONNECTOR 


THE  SOLDER  CONNECTOR  ADAPTOR,  RECOMMENDED  ESPECIALLY  FOR  HIGH  SHOCK 
APPLICATIONS,  IS  OF  ONE  PIECE  DESIGN,  AND  MAKES  A  MORE  POSITIVE  GROUND 
CONNECTION - 
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THE  MICRODOT  CONNECTOR 

AN  ELECTRiCAL  SWITCH? 


ERRATIC  CONNECTION  USUALLY  PRODUCES 
FULL  SCALE  SPIKES 


82 


SIG/PWR 


GND 


070A09 

10-32  SOLDER  CONNECTOR 


I 


(TOMpT.EX  systems 


SEE  ILLDSTRATION-CXDMPLEX  SYSTEM 


THIS  ILLUSTRATION  IS  NOT  NECESSARILY  THE  APPLICATION  ENGINEERS 
PERCEPTION  OF  YOUR  DATA  ACQUISITION  SYSTEM.  HOWEVER,  IT  IS  NOT  UNUSUAL 
FOR  THE  APPLICATION  ENGINEER  TO  BE  ASKED  TO  INTERPRET  THE  OUTPUT  DATA 
AFTER  IT  HAD  BEEN  RATHER  EXTENSIVELY  CONDITIONED. 

AFTER  PURSUING  POSSIBLE  SENSOR  INSTRUMENTATION  PROBLEMS  INCLUDING 
GROUND  LOOPS,  CABLE  INTEGRITY,  AND  OTHER  ENVIRONMENTAL  CONDITIONS,  HE 
WILL  MOST  LIKELY  SUGGEST: 

1.  LOOKING  AT  THE  INPUT  ON  A  REAL  TIME  BASIS  TO  DETERMINE 
IF  THE  INPUT  IS  GOOD  OR 


SEE  ILL0STRAT10N-492A  SENSOR  SIMULAaOR 

2.  TO  PROVIDE  A  KNOWN  INPUT  TEST  SIGNAL  DISCONNECT  THE 
SENSOR  AND  APPLY  A  KNOWN  TEST  SIGNAL  ETIOM  THE  492A  SENSOR 
SIMULATOR.  THE  492A  PROVIDES  A  100  Hz  SQUARE  OR  SINE  WAVE 
INPUT  OF  KNOWN  AMPLITUDE. 

ONCE  YOU  HAVE  DETERMINED  THAT  THE  INPUT  SIGNAL  LOOKS  GOOD,  THEN  IT  MAY 
BE  A  JOB  FOR  A  SYSTEMS  ANALYST! 


184 


SENSOR  SIMULATOR 
Model  492B 


CONCLUSION 


WHILE  DYNAMIC  MEASUREMENTS  MIGHT  STILL  BE  SELDOM  ROUTINE,  THEY  ARE 
BECOMING  MORE  AND  MORE  ROUTINE.  INCORPORATION  OF  BUILT-IN 
MICROELECTRONICS  HAS  IMPROVED  PERFORMANCE,  SIMPLIFIED  OPERATION  AND 
MADE  SENSORS  MORE  TOIuERANT  OF  ADVERSE  ENVIRONMENTS.  IN  ADDITION  TO 
GREATLY  REDUCING  THE  PER  CHANNEL  COST. 

TODAY,  ICP  TYPE  SENSORS  ARE  USED  EXTENSIVELY  AND  SUCCESSFULLY  FOR 
UNATTENDED  CONTINUOUS  MONITORING  OF  DYNAMIC  PHENOMENA  ON  MACHINERY  AND 
STRUCTURES  IN  TOUGH  FACTORY,  FIELD,  AND  UNDERWATER  ENVIRONMENTS. 

WHEN  YOU  GET  INVOLVED  WITH  THAT  "UNUSUAL  APPLICATION",  SEEK  APPLICATION 
ENGINEERING  SUPPORT  -  DON'T  USE  THE  "DART  BOARD"  APPROACH. 

SEE  ILLUSTRATION-DART  BOARD 
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.  Accomplish  as  Close  as  Possible  to  System 
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White  Sands  Missiie  Range,  NM 
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Recall:  All  H’s  and  Z’s  are  Complex  Functions  of 

Frequency  Typically  Displayed  as  Bode  Plots 
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II.  Measurement  System  Examples 

A.  Simple  System 
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Recorder  Decomutator  Discriminator  #2 


ill.  Types  of  Time-Varying  Measurands 
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Transient 


IV.  Frequency  Domain  Representation  of 
Time- Varying  Measurands 
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.  Power  Spectrum 
.  Cepstrum 


.  Ideal  Measurement  Systenn  Requirements  of 
Flat  Amplitude  Response,  Linear  Phase  Response, 


CD 
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Output 


VI.  Problems  in  Deviation  in  Amplitude  Response 
From  Flatness  and  Phase  From  Linearity 

A.  High  Pass  First  Order  System 
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Log  [Frequency /(Cutoff  Frequency)]  Log  [Frequency /(Cutoff  Frequency)] 


.  Distorted  Response  to  a  Half  Sine 


Nondimensional  Time 


Low  Pass  Second  Order  System 
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Log  [Frequency /(Natural  Frequency)]  Log  [Frequency/(Natural  Frequency)] 


.  Distorted  Responses  to  a  Half  Sine 
Pulse  (Damping=.05  Critical) 
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Nondimensional  Time 
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Ideal  “Boxcar”  Lowpass  Filter 
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VII.  Problems  With  Nonlinear  Input /Output  Relations 

A.  Example  of  Nonlinear  and  Line'ir  Process 


209 


Overall  Linear  Operation 


.  Slew  Induced  Nonlinearities  in  Operational  Amplifier 

1.  Signal  Slope  27rVf  Exceeds  Amplifier’s 
Slew  Rate  In  Filter  Configuration 
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Frequency  (Hz) 


100  Hz  and  1600  Hz  Linearity  Checks 
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.  System  Calibrations  Must  Verify  Requirements 
of  Conclusion  C  are  Met 
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DATA  ACQUISITION 
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crete  components.  1 1  fabricate  a  re.lu'ed 
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Resistive 

A  resistive  transducer  consists  of  a 
wire  or  conductive  [lath  v/iiote  lesistance 
changes  as  it  is  elongated  and  a  plat¬ 
form  for  attaching  this  sensing  element 
to  the  s u r f a c e  to  be  measured.  The 
change  in  resist, a  nee  is  small  and  is 
usually  Convert  el  to  a  voltage  by  making 
the  sensing  e  1  e  in  e  .n  t  a  leg  i  n  a  "bridge" 

j  1  r  I  ■  u  1 1  . 

Fiezcresi. stive 

Thi'-  transducer  is  similar  to  the  resis¬ 
tive  type,  except  the  sensing  element  is 
a  piezcresistive  material. 

Intel  face 

The  output  signal  of  the  basic  trans¬ 
ducers  can  be  sensed  directly,  but  in 
some  applications  the  signal  levels  are 
low  and  even  with  care  in  transmission 
the  signal  is  not  much  greater  than  the 
noise.  Ill  tliose  cases  the  distance  to 
the  amplification  must  be  short  to 
re;i,iver  a  usable  signal.  The  capacitance 
and  resistance  of  the  cable  to  the 
temote  amplifier  also  affe.;t  signal 
quality  and  limit  the  use  of  the  sensed 
-•-tta.  Speciiii  r  r  .ansmi  ss  ion  teclinigues 
aicl  Jilt  el  face  hardvrare  have  been 
1  e  v  e  1  e-  p  e  *  '■..■/  '  m  p  e  n  s  a  «■  e  for  the  problems 

inlierent  in  data  acciui  s  i  1 1  on  from  these 
ti  .tnsducei  s  .  i  1  i 

.us  with  must  sens'urs,  the  basic  elements 
aie  limited  in  fheir  range  of  output  and 
■a I  e  sen.sitive  to  changes  in  temperature, 
liumiclity  -n.'j  pre^Ture.  These  character- 
1  s  t  1  :•  7  u  r  e  usually  addressed  through 
c  i  .r,  t  •  in:- 1  1  n  i  r  units  designed  for  a 
uiU'Ci:!  '  application  and  environment. 


r  •'.I-RICATION  TECHNOLOGY 

The  PC'S  1 1- 1  e  use  f  alternate  technolo¬ 
gies  needs  ru  be  '  o  r.  ^  i  d  e  r -•  d  .at  the 
beginning  <- £  t.i-  irioie.gr,  since  tlie 
t  Ill'll  implementation  i  limited  bv  the 
avci  1  1  .ah  ,  1  1  r  y  -of  u '  .t,  p  fi  e  n  t  s  use  of 

1  e  f  1  n  e  1  '  d  1  1 ' i  '.  ;i  J  r.,  1  o c  k  s  and,  therefore, 
the  desi'jn  Ije-rmes  a  function  of  these 
fa'*^:is  in  addition  to  rh;  desired 
i  •• ;  f  o,  t  ,T  a  n  o  e  s  p  e  c  i  f  i  -  a  r  i  o  i;  n  . 


C..lai;iii£.a] 

Thin  Film 

Std  Cell 

Development  Cost 

Med+ 

Low 

Med 

(includes  protu  qty.i 

(1 ) 

(1-5) 

(25) 

Time  to  Production 

10-12  mo 

5-6  mo 

7-9  mo 

1  after  design  concept) 

Production  Unit  Cost 

(Jty.  100 

High 

Med 

Med+ 

1000 

High 

Med- 

Med 

1000+ 

Low 

Med- 

Med- 

Cost  of  Hevision 

Breadboard 

Low 

Low 

Low 

Proto 

Med 

Low 

High 

Time  for  Revision 

3-4  mo 

1  -2  wk 

1-2  mo 

Although  the  investiigation  has  not  been 
that  rigoious  or  exhaustive  (based  only 
on  budgetary  vendor  and  engineering 
estimates  for  an  assumed  circuit 
c-omp lexi t y  '  ,  the  indication  is  that  a 
thin  film  approach  has  the  advantage  of 
the  earliest  results  with  the  least  cost 
for  the  anticipated  initial  quantities. 
The  low  cost  and  faster  turnaround  of 
revision  is  also  attractive  for  a 
development  pr.iect.  The  classical 
appr<iach  has  the  best  chance  of  reaching 
the  tinal  chip  size  goal  and  may  be 
ultimately  necessary  for  the  production 
c  li  1  p  s  . 

DESIGN  AEIROACH 
.S  y  s  t  e  m  C  o  n  s  i  d  e  i  a  1 1  o  n  s 

Before  detail  d  e  s  i  a  ri  of  the  m  i  gj  r  o  c  h  i 
c  nil  begin  some  guest  ions  must  be 
a n s. e red  an;)  seme  trade-offs  made 
■  oi,,.'e  rn  1  n  g  file  .-peiitiori  :f  the 
traps  luce  1  in  <4  data  acquisition  system. 
Tt.e  rtieas  a  (dressed  involve  the 
interfa.'e,  process  inu  testing,  and 


Transducer  Interface 

One  of  the  goals  of  the  protect  is  to 
develop  a  practical  transduce i  inteita-e 
that  will  be  common  to  many  types  of 
seiising  elements.  iThe  connection  to  the 
Sjen.sing  element  will  be  unique  to  the 
input  and  made  at  the  time  of  i n s t a  1 
1  a t  i o n  in  a  t  r  a n  s d u  i e  r  )  . 


Tu  be  fully  functiot. al  the  miTorhip 
will  require  an  interface  module  that 
supplies  power,  provides  a  path  and 
■  uidirioning  is;  pru^iiamming  data, 

1  e c e  1  V e  .s  t  r  a n  s d  u c e  i  Ac  and  test  .signals, 
and  a|.]vep  rpc.-,rv!inu  am)  anal  vs  is 
•equipment  . 


F  I.  M  1  p  iiu  n  a  I  y  1 1 1  V e  s  1 1  g  a  t  1 ,0  n  s  into*  avail' 

.able  a  1  t  e  i  n  i  t  1  1'  e  <,  ,  -  | ,  e  |  ^  c  e  j ^  j 

a  put  t  0  a  c  i  1  *  -hip  f  a  I '  t  1  c  a  1 1  o  n  have 

1  e  s  u  1  t  e 10  t  h  *-  t '  ;  i  o,  v;  1  n O'  - 'om p  a  i  i  s 'i-n s  . 


A  q  u  e  s  1 1  o  n  that  has  ■  i  o  •-  ^  .  r^-..  ■  1  v  e  0  -i ' 

this  p  s.  1  .’I  t  IS  if  t  r,  e  r  s  is  a  h  *■  r  i  t  p  i  - 
vide  ail  ir. teilace  to  existiiii  instaLla- 
tions  .oith  the  loss  of  ar.  v  i  n  t  r  ac  1 1  vs 
functions  and  v/ 1 1  h  a  o  d  i  f  i ''  a  t  i  o  n  for 
added  p'O we  j'  ■  . 


T  h  e  c  c  m  IT'  r.  :  u  1 1'  u  t  ’  n  t  e  :  f  a  :  ■ 

P  a  t  e 't  t  ;■  be  a  s  t  a : :  a  r  1  v;  ■ 

:■  '1  a  x  1  a  1  t  r  a  n '  iti ;  s  s  i  n  i  n  >■  . 
ir 'erf  ace  is  b  e  i  r,  j  .'cnsi.;- 
1  a  :  j  e  r  s  i  i  n  a  1  s  w  i  ;  ■  i ,  t  -i  t  a 

'1  '1 1 1  1  s  ;  !  n  r  .  c . i  a !i  -i  ,  :  c - 

power  '■  jhd  1  ’  1  - ;  . 'eq  'i  : 


i.' 0  e  r  •r.jes'-  ,  .n--  relate.-)  t'O  a  [i  i  fO q  r  amma b  1  e 
evr'e,:!  i,-. -■  ■ ve  'he  t. lexlty  '  f  the 
P  r  o  q  r  ar.n  1 1.  q  har  twaie  and  its  ose.  It  is 
Planned  that  the  m i  t  r  c  -  h i p  will  be  p  r  o - 
qtc-.irmel  tiir  ncih  the  'ransdocer  o-.  mmor. 
litter  f  a. -;p  si  no  an  Pf-2dl  conneition  t 

n  r~.  All  -niT  f'jhct::ns  be  hit 

e  1  e  •  1  s  '.'ill  be  letainet  in 

n t  1  i  e  --leni  ry  .h  the  ihif'  ..witil 
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It  e  ;  I  ;  e  S  S  L  h  T  f  a  h  0  t  »  1 U  S  ore  e  a  1  y 
r  t  !  r.  e  d  base  d  o  n  ; '  e  s  e  n  t  a  p  'P  -  .oat  i  o  n  s 
.  lO)  -  a  n '■  e  IT,  a  t 'b  h  1  n  ,i  ,  tiil-.iho.  'qain. 
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ii  Test  -  generates  test  excitation 
signals  and  evaluates  responses,  and 
generates  serial  output  data.  The  test 
data  is  selectable  by  external  command 
and  could  include  a  status  code  with 
summary  operating  conditions,  a  pulse 
train  of  variable  length  and  frequency, 
and  an  ID  code  (an  ASCII  pulse  train 
with  Che  model,  transducer  type,  and 
Iccatir.n  coded). 

3/  Control  -  decoiles  commands  and  sets 
conditions  to  control  operation. 
Commanded  operations  include: 

-  input  new  stored  data. 

-  transmit  ID  code, 

-  transmit  pulse  train  of  ''  n " 
pulses  at  "m"  frequency, 

-  perform  test. 

-  perform  calibiate. 

The  output  will  remain  in  the  sensor 
signal  condition  until  a  command  is 
received. 
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A  COMPUTER  PROGRAMMABLE  TRANSDUCER  MICRO  CIRCUIT 


Q:  Steve  Baker  (Oakridge  National  Laboratories);  I  notice  that  you 
have  several  chips  on  board  right  now  in  the  hybrid  state  and  you  are 
finally  going  to  have  one  chip.  Where  do  you  get  the  power  for  this 
chip?  Does  it  come  down  the  line? 

A:  Kenneth  Appley:  Right,  down  the  line,  over  the  same  two  wires. 
This  is  standard  row.  That  is  not  new  technology.  The  power  is  being 
supplied  and  the  sense  signal  comes  back  over  the  same  lines. 

Q:  Steve  Baker:  Just  one  or  two  questions  about  performance.  What's 
the  resolution  in  terms  of  bits  of  your  signal?  Is  it  going  to  be 
like  a  12-bit  signal  coming  out? 

A:  Kenneth  Appley:  We  are  still  working  on  that.  My  first  calcula¬ 
tion  showed  that  it  is  probably  going  to  be  at  least  that.  Now  this 
is  an  analog  signal  coming  down  the  line.  There  is  no  A  to  D  con¬ 
verter  in  it.  That  is  about  the  resolution  that  we  are  going  to  need. 
We  are  not  sampling  so  we  don't  have  all  of  those  problems  right  now. 

Q;  Pat  Walter  (Sandia  National  Labs):  Acceleration  signals  by  defini¬ 
tion  in  nature  are  typically  wild.  What  logic  are  you  putting  into 
gain  changing?  What  is  the  criteria  to  autorange  it?  The  double 
differentiation  is  really  a  tough  problem,  especially  if  there  is  any 
noise  present  at  all.  Any  comments  on  that? 

A:  Kenneth  Appley:  On  the  first  question,  we  don't  think  that  ac¬ 
celerometer  signals  are  that  wild.  We  are  not  trying  to  assume  how 
this  thing  would  be  used  or  what  your  environment  is.  Everything  is 
programmable.  We  are  putting  in  capabilities  to  do  things  and  it  is 
up  to  the  user  to  decide  what  he  wants  to  do  and  when.  The  capability 
will  be  there  to  program  gain  selections  of  1,  10,  and  100.  So  if  you 
find  that  the  things  are  too  high,  or  that  your  signals  are  getting 
clipped,  at  that  point  you  can  change  the  gain.  It  is  not  an 
autoranging.  Autoranging  is  a  tough  thing  to  do,  especially  in  a  test 
environment.  If  this  device  arbitrarily  goes  out  and  changes  the  gain 
for  you,  I  don't  think  that  you  are  going  to  be  very  happy  unless  it 
does  two  other  things;  it  tells  you  when  it  did  it,  and  it  tells  you 
by  how  much  it  did  it.  Now  those  two  things  are  a  little  more  than  we 
want  to  bite  off  right  now  to  fit  into  the  data  stream.  This  is  not 
an  autoranging  device.  The  whole  thing  is  set  up  as  a  programmable 
device.  Some  of  the  programming  is  done  at  the  factory.  Some  of  the 
programming  is  to  be  done  as  the  device  is  installed,  and  then  others 
in  on-line  programming.  The  gain  change  and  frequency  response,  those 
are  things  we  feel  that  you  would  probably  want  to  do  installed.  In 
other  words,  you  do  not  want  to  take  the  accelerometer  or  the 
transducer  out  and  put  it  on  a  programmer.  That  is  why  one  of  the 
program  paths  is  through  the  interfaces.  It  is  there  all  of  the  time. 
All  you  have  to  do  in  interrupt  the  data  flow.  You  do  that  before  or 
after  the  test.  Now,  on  your  other  question  about  double  differentia¬ 
tion,  we  don't  knew  what  we  are  going  to  do  with  that  second  stage  of 
differentiation.  It  is  talking  about  disappearing  unless  somebody 
here  can  really  see  a  need  for  it.  The  double  integration  is  ob- 


viously  necessary.  The  first  stage  of  differentiation  is  good  but,  we 
don't  know  what  the  noise  environment  is  going  to  be  and  double  dif¬ 
ferentiation  surely  wouldn't  help  that. 

Q:  Steve  Kuehn  (Sandia  National  Labs):  Exactly  what  does  your  cell 
test  scheme  encompass?  Are  you  verifying  that  the  crystals  are  ac¬ 
tually  working,  or  are  you  just  putting  a  signal  in  after  the  crystal 
input  or  what? 

A:  Kenneth  Appley:  Right.  There's  two  techniques  th  t  we  have  used 
already  for  accelerometers.  In  both  techniques,  the  signal  goes 
through  the  crystal.  We  are  actually  injecting  it  into  the  crystal. 
That  means  that  any  acceleration  you  have  during  the  time  of  the  test 
is  going  to  foul  up  that  test  data  a  little  bit.  That  is  under  the 
user's  control.  You  have  got  to  be  careful  when  you  are  doing  some  of 
these  things.  If  you  want  to  verify  that  your  primary  sensor  is  work¬ 
ing,  it  can't  be  doing  other  things  at  the  same  time  and  that  is  ob¬ 
vious.  That  is  the  only  thing  that  you  sacrifice,  but  we  are  inject¬ 
ing  the  signal  directly  through  the  crystal  and  then  evaluating  this 
on  the  other  side.  We  have  the  capability  of  running  this  pulse  train 
through  the  crystal,  too.  There  is  some  thought  that  by  analysis  of  a 
square  wave  signal  coming  back  you  may  be  able  to  determine  frequency 
responses,  so  that  is  why  the  square  wave  is  in  there:  for  your  selec¬ 
tion  to  set  the  pulse  train  and  the  pulse  width.  It  may  be  very  use¬ 
ful  in  testing  to  have  to  know  that  you  have  started  with  a  controlled 
square  wave,  and  see  what  happens  as  it  comes  through  your  whole  sys¬ 
tem  . 

Q:  Leroy  Bates  (NSWSES):  Are  you  designing  this  for  a  specific  ap¬ 
plication  or  as  a  general  purpose? 

A:  Kenneth  Appley:  No,  it's  a  general  purpose.  Like  I  said  we  are 
trying  not  to  make  as  many  judgments  on  how  it's  going  to  be  used.  It 
is  all  programmable.  We  are  making  judgments  on  the  extent  of  the 
program.  Like  I  showed  in  the  one  slide  depending  on  how  many  itera¬ 
tions  we  have  to  do  around  the  trade-off  loop,  trading  off  the  size  as 
to  the  functionality,  like  the  second  differentiation  if  it  doesn't 
give  us  enough  function,  if  it  really  not  that  useful  and  it  is  taking 
up  a  lot  of  real  estate,  that  is  one  of  the  tradeoffs  that  you  would 
make . 

Q:  Steve  Baker  (Oakridge  National  Labs) :  You  haven't  talked  any  about 
what  happens  at  the  PC  end,  or  how  you  get  the  data  on  and  off.  Have 
you  worked  any  on  that  end  of  it,  and  if  so,  what  are  you  planning  on 
providing? 

A:  Kenneth  Appley:  On  the  PC  end?  We  have  looked  at  the  protocol 
and  the  data  transfer,  and  I  have  some  thoughts  on  how  I  am  going  to 
do  that.  It  is  not  going  to  be  very  complex.  It  is  not  going  to  re¬ 
quire  a  big  software  package.  It  is  a  standard  RS232  interface  to 
send  over  some  ASCII  characters.  The  device  will  interpret  those  AC- 
SII  characters  and  set  up  the  system  to  do  that.  There  will  be  a  min¬ 
imum  of  a  two-wcrd  transfer  the  way  it  looks  right  now,  maybe  up  to  as 
many  as  a  10-  to  15-word  transfer  to  do  different  things.  Another 
function  that  we  are  going  to  include  is  temperature  compensation. 
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The  sensitivity  of  crystals  in  the  accelerometer  changes  with  tempera¬ 
ture.  There  will  be  a  sensor  on  board  to  sense  the  temperature  and 
make  adjustments  in  the  output  as  a  result  of  temperature  changes. 

Q:  Larry  Rambert  (Allison  Gas  Turbines):  Have  you  given  some  thought 
to  the  time  between  selecting  accelerometers?  In  other  words,  if  you 
are  in  a  multiplexing  system  you  have  to  address  each  one  of  these 
things  to  give  you  a  signal  back.  Your  simultaneity  of  data  is  going 
to  be  some  what  degraded,  I  would  think. 

A:  Kenneth  Appley:  In  the  initial  stages,  we  are  proposing  one  inter¬ 
face  module  for  the  chip.  As  far  as  the  multiplexing  scheme,  it  is 
very  easy  just  to  multiplex  the  modules.  But  that  is  a  system  con¬ 
sideration,  and  has  to  be  of  a  concern.  I  haven't  calculated  loop¬ 
time  specifically,  the  time  you  trigger  it  until  the  time  you  get  a 
response,  but  it  is  going  to  be  in  the  millisecond  range.  I  know  that 
if  you  are  looking  at  500  devices,  that  could  be  a  long  time.  But 
that  comes  down  to  the  system  design.  In  other  words,  you  could  set 
it  up  so  these  were  addressed  in  parallel  and  intermediate  memory  is 
there  to  handle  that,  or  you  can  just  take  time  off-line  and  talk  to 
them  all.  It  is  completely  under  your  control  when  the  tests  are  done 
and  when  all  of  the  communications  are  done. 

Editors  Note:  Dick  Talmadge:  I  think  that  there  might  be  a  miscon¬ 
ception  as  to  what  role  the  PC  plays  in  this  system.  The  microcircuit 
in  a  normal  measurement  mode  is  transparent  to  the  operation  of  the 
transducer.  The  PC  is  used  to  program  the  function  of  the  transducer 
(filter  characteristics,  integration,  ■  rentiation,  etc.)  and  is 
normally  done  on  the  bench.  At  that  time,  the  transducer  will  store 
and  maintain  the  functionality  and  produce  an  analog  data  signal  out¬ 
put  as  before.  The  calibration  and  self-identification  features  of 
the  chip  require  an  interface  control  in  the  signal-conditioning  sys¬ 
tem  to  command  the  responses  which  are  sent  over  the  two-wire  data 
line  as  a  serial  bit  stream.  The  signal  conditioning  system  will  have 
to  include  the  processing  system  for  this  data  or  it  could  be  recorded 
with  the  data  and  post  processed. 
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ABSTRACT 


INTRODUCTION 


Errors  in  field  wiring  can  result  in  significant  correction  aisls 
(if  the  errors  are  discovered  prior  to  u.sei.  in  err.'neou.s  or 
unusable  data  (if  the  errors  are  not  discovered  in  time),  oi  in 
serious  accidents  (if  the  errors  corrupt  mission-e.s.senti.il  data). 
Detailed  field  wiring  checkout  and  rework  are  tedious  and 
expensive,  hut  they  arc  cs.sential  steps  in  the  qu.ility  as.surance 
prcKcss  for  Itirge,  complex  instrumentation  and  contrt'l  svslems 

A  recent  Oak  Ridge  National  Laboratorv  (ORNI.i 
development,  the  temole  sensor/calile  iJeniilier  (RSCI), 
automates  verification  of  field  wiring  In  the  RSCI  system,  an 
idet.tifier  module  is  installed  on  or  integrated  into  each 
component  (sen.sor,  actuator,  cable,  distribution  panel,  etc.)  to 
be  verified.  Interrogator  modules,  ecintrt'lled  by  a  personal 
computer  (PC),  are  installed  at  the  connections  t'f  the  field 
wiring  to  the  inputs  of  the  data  acquisition  and  control  .'O.teni 
(DACq,  Interrogator  modules  poll  the  eom[)onenls  connec.led 
to  each  channel  of  the  DACS  and  are  able  to  deteimine  the 
path  taken  by  each  channel's  signal  to  or  from  the  end  device 
for  that  channel.  The  system  will  provide  not  only  the  ID  code 
for  the  cables  and  patch  panels  in  the  path  to  a  particular  .sen.sor 
or  actuator,  but  individual  cable  coiidiictoi  IDs  as  well  One 
version  ol  the  system  uses  existing  signal  wires  for 
communications  between  R.SCI  modules.  /Nnoiber.  more 
powerful  version  lequires  a  dedicated  conductor  ill  each  cable. 
Both  versions  can  operate  with  or  .vithout  instrument  power 
applied  and  neither  interferes  with  the  normal  operation  of  the 
DACS.  Identifier  modules  can  provide  .1  variety  of  information 
including  status  and  calibration  data. 

Details  of  this  technology,  which  received  a  1987  IR-HXi 
Award,  and  plans  for  adapting  it  to  NASA  launch  pad 
applications  are  discussed. 


'Re.search  spon.sored  by  National  ,\eronautic.s  and  .Space 
Administration,  Kennedy  Space  ('enter,  under  Inter.igv  ney 
Agreement  No,  192t)-B()35  Al, 

"Ojxirated  hv  Martin  Marietta  Energv  Systems,  Inc.,  lor  the 
(I.S.  Department  of  Energy  under  Ctailract  No.  DE- \('O.S 
H4OR2140(). 


A,s  we  become  increasingly  reliant  upon  computers  and  other 
intelligent  devices  to  asntrol  equipment  and  to  automate 
pr(x.e.s,ses,  we  als-"  increa.se  our  dcpcndance  on  electronic  sensors 
and  actuators  and  on  interconnecting  wiring.  Fortunately,  this 
trend  is  accompanied  by  a  sharpened  awareness  of  the  Lssues  of 
quality  itssurance,  safely,  and  reliability. 

A  DACS  comprises  several  components:  the 

computei/controller,  sensors  and  actuators,  signal 
conditioning'multiplexing  circuits,  and  signal  transmission  media. 
Vaiious  segments  of  the  instrumentation,  computer,  and 
electronics  industries  are  addressing  the  quality  issues  relating  to 
these  components.  Redundancy,  higher  levels  of  embedded 
intelligence,  computer-aided  engineering  tixils.  on-line  self-testing, 
and  innovative  design  techniques  are  being  applied  to  ensure 
quality  .ind  to  increa.se  reliability. 

liowevet.  the  problems  of  configuration  control  and  field 
wiring  integrity  seem  to  have  eluded  such  lechnicaily 
sophisticated  approaches.  DACS  Kxiay  can  include  thousands 
of  scn.sors,  actuators,  intermediate  termination  points  and  many 
cables  consisting  of  miles  of  wires.  Confidence  in  system 
configuration  depeniis  on  the  answers  to  three  basic  questions: 
What  sensor  or  actuator  is  actually  connected  to  which  channel? 
'Whal  i.s  Ihe  .signal  path  from  each  .sen.sor  or  actuator  to  its 
connection  at  the  computer/coiilroller?  Whal  is  the  integrity  of 
that  path?  These  questions  are  very  important.  Even  though 
individual  DACS  components  function  reliably,  the  resulting  data 
cannot  be  trusted  unless  interconnecting  wiring  is  vcril'i:ibly 
correct. 

EXISHNO  TECHNOLOGY 

The  procc-ss  control  industry  has  begun  to  address  the  area 
!if  system  configuration  and  integrity  in  a  somewhat  indirect 
manner.  Multi  drop  communication  links  are  available  that 
simplify  the  interconnection  of  digital  components  and 
communications  standards  (e.g .  RS  -185  or  BilBus)  promote 
interoperabililv  bv  specifying  hardware  interfaces,  data  rales, 
electrical  characleristic.s,  and  loading  factors  Commercially 
available  s|K‘cial  piirjxise  transceivers  assist  in  implementing  manv 
of  these  standards.  All  ot  these  developments  provide  torils  for 
attacking  c.infigualion  eontri'l  arul  wiring  integrity  ptolilems,  but. 
clearly,  they  are  insufficient  alone. 
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For  several  years,  the  industry  has  recognized  the  shortcomings 
of  purely  analog  signal  links  to  field  devices.  A  new  cla.<a  of 
sensors  with  embedded  intelligence  is  becoming  available  from 
process  control  equipment  manufacturers.  Most  "smart  sensors" 
still  use  traditional  4-  to  20-mA  analog  current-lcwp  signaling,  but 
high-frequency  digital  signals  can  be  superimposed  for 
communication  with  hand-held  programmers.  This  technique 
limits  the  use  of  smart  sensors  to  low-bandwidth  DACS.  Because 
of  the  proprietary  nature  and  incompatibility  of  the  hardware  and 
protocols  in  existing  systems,  smart  senserrs  have  yet  to  gain  wide 
acceptance. 

In  respon.se  to  these  incompatibility  problems,  the  ISA  SP-50 
Committee  is  developing  the  FieldBus  standard.  This  standard 
will  specify  signal  transmission  media,  signal  levels,  and 
communication  protocols  for  a  multidrop  serial  digital  data  link 
for  communication  between  field  instruments.  Committee 
members  represent  manufacturers,  government,  and  end  users. 
The  standard  should  be  issued  for  armment  by  the  end  of  this 
year. 

PREVIOUS  WORK 

During  the  1970s,  the  Instrumentation  and  Controls  Division 
of  ORNL  began  to  realize  that  an  automated  system  for  verifying 
the  configuration  of  large  research  experiments  could  be 
extremely  valuable.  As  the  power  of  available  computers 
increased,  the  size  and  complexity  of  the  experiments  and 
pr(x:es,ses  that  they  controlled  grew  and  the  number  of 
parameters  to  be  monitored  and  controlled  swelled 
correspondingly.  Systems  with  several  thousand  semsors  and 
actuators  were  not  uncommon,  and  configuration  control  became 
a  major  issue. 


In  the  early  19S0s,  work  began  on  sensor  identifier  technology, 
and,  after  several  approaches  had  been  evaluated,  the  first 
demonstration  system  wics  built  and  tested  in  1984.  This  system 
featured  a  single-board  armputer  that  interrogated  passive 
"dumb"  identifier  devices  via  the  scn.sor  signal  wiring.  This 
system  was  able  to  provide  the  identity  axle  of  the  end  device 
connected  to  each  channel  of  a  star-wired  data  acquisition 
system. 

DESCRIPTION  OF  RSQ  SYSTFJVi 

The  RSCI  system  expands  the  capabilities  of  previous 
developments  by  distributing  intelligence  to  the  remote  identifier 
modules  and  is  intended  for  retrofitting  to  existing  DACSs  or  for 
integration  into  new  DACSs. 

The  RSCI  system  has  three  basic  components  as  shown  in 
Fig.  1.  A  host  computer  and  its  resident  srjftwarc  provide  an 
operator  interface  and  maintain  the  overall  system  data  base. 
Intelligent  master  mtxlules  provide  the  field  wiring  interface  and 
intermediate  storage  for  ainfiguration  data.  Intelligent  ID 
modules  attached  to  (or  integrated  into)  each  cable,  scn.sor. 
actuator,  or  other  atmponent  to  be  identified  re,spotid  to 
inquiries  from  their  master  mtxlules  by  providing  identification, 
status,  and  hou-sekeeping  data.  The  RSCI  system  operates  with 
active  or  idle  DACSs  and  d(x:s  not  interfere  with  normal  DACS 
operation. 

On  pciwcr-up,  a  master  mtxlule  sends  an  initialize  instruction 
dowm  a  dedicated  data  line  to  the  first  mtxlule  in  the  serially 
connected  chain  of  identifiers.  Tliis  ID  mtxlule  respttnds  by 
sending  its  unique  ID  axle  back  to  the  host  and  placing  itself  in 
"traasparent"  mtxlc  so  that  subsequent  commands  frtim  the 
master  module  arc  passed  through.  The  next  initialize  command 
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Fig.  1.  Qjnnection  of  RSCI  componenus. 
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reaches  the  second  ID  module  in  the  chain,  v.hich  rcsfximJs  with 
its  own  code  and  then  places  it.self  in  tran.sparent  mtKle  This 
process  continues  until  all  modules  in  the  'dai.sy  chain"  have 
identified  themselves.  Thus  the  master  unit  knows  not  only  the 
ID  codes  for  all  modules  connected  to  it,  hut  the  order  of  their 
connection  as  well. 

The  master  module  assumes  that  all  ID  modules  have  been 
polled  if  a  predetermined  time  increment  passes  with  no  response 
to  the  last  initialize  instruction.  It  then  .sends  an  initialization 

eon.p.eU:  ...  I'r  The  1’^  . 1-1, ..  th  r. 

take  them.sclvcs  out  of  transparent  mode  and  listen  for  messages 
from  the  master  module.  If  an  ID  modiiie  receives  a  message 
addressed  to  the  master  module  or  ui  another  ID  module.  It 
simply  retransmits  the  me.ssage  in  the  apiiropriate  direction.  If 
an  ID  module  receives  a  me,ssage  addressed  to  ioelf,  it  checks  its 
own  status  or  retrieves  the  required  inlormaiion  from  memory 
and  responds  accordingly. 

When  the  master  module  has  identified  all  of  the  ID  modules 
connected  to  it,  it  pnx'ceds  to  detenninc  which  end  device 
(sensor  or  actuator)  is  connected  lo  each  D..\CS  input, 'outpul 
(I/O)  channel.  To  do  this,  it  excites  t'ne  of  the  signal  wires 
connected  to  each  channel  with  a  high-lrequenvy  pulse  irtiin  and 
then  interrogates  the  cnd-de-vice  ID  molules  (via  the  RSCI  data 
line)  to  lind  which  ones  can  detect  the  pulses  on  iheit  signal 
lines. 

Master  rntxlules  perform  configuration  updates  at  regular 
intervals  to  delect  any  changes  that  may  rxicur.  L'lxin  instruction 
by  the  host  computer,  the  master  modules  e.veeuie  "conllguration 
dumps"  nr  perform  other,  more  specialized  tasks  such  as  fetching 
housekeeping  information  from  an  ID  module  leche'cking  the 
status  of  a  suspect  ID  module,  or  periorm'ng  diagnostic  tests. 

In  this  manner,  the  host  compuic  is  able  to  ('.resent  s,-slem 
ainfiguraiion  information  from  ihr  .system  data  b.ise  in  sevciai 
useful  formats: 

1.  A  graphical  presentation  of  the  system  configuration,  or  a 
more  detailed  description  of  a  specified  subsystem 

2.  Identification  of  the  end  device  on  any  parliculai  D.\CS  l/D 
channel 

il  The  path  (including  cable  and  junction  box  IPs)  to  any  given 
end  device 

•1  A  list  of  all  end  device.s  whose  dat.i  or  control  signals  ptiss 
thiough  t!  given  cable. 

ID  iiiod.iles  can  store  other  u.sefu!  inforiTiation  suelt  as  in- 
service  dales,  calibration  a.nJ  d.ita,  and  des.:ri()livt  l.ifoimalion 
about  the  tyjx:  of  a)m[xineiil  te.  which  the  module  iS  attached. 
The  end  user  will  determine  what  "housekeeping"  data  to  include. 
If  calibration  dates  ate  included,  lot  e.v.iniiile,  the  ii.ser  aruid 
instruct  the  system  to  poll  all  end  dcvi  .es  and  a.s.semhle  a  list  of 
all  eomfxinenls  that  will  require  recalibration  in  the  following 
month. 

Each  mtxluie  contains  a  microeonlroHer,  a  communications 
interface,  and  power  condnioning  citcuilry.  Each  ID  miKlule  has 
a  failover  switch  to  allow  messages  ;V.ini  oilier  niodulc.  to  pa.vs 
through  in  the  event  of  a  h-ial  h.irdw.iie  or  soliware  f.'iilnre  (Fig. 
2a).  .Master  mrxlules  and  end  device  iraxhiles  Itave  ci'iineelions 
to  selected  DACS  siitn.il  lines  (Eig.  2bl  Ihc  serial  d.ila  line  is 
also  used  lo  distribute  [xiwcr,  thus  ininimi/.ing  the  nuiuixrr  of 
cable  conductors  that  must  be  dedicau-d  lo  Ihc  R.SCI  .sv-tem. 

In  the  syslem  under  development,  each  ni.isler  mixl.ile  can 
accommtxlate  up  lo  10  ID  modules.  E'.sually,  one  m aster  nuxlule 
will  be  required  for  each  tnink  cable  (.i  rnuliqiair  i  ,ible  c  irrying 
signals  from  several  .scasors).  In  smaller  systems,  the  host 
ctimmunicales  with  the  master  mixiules  using  standard  .eri.il 
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Fig.  2a.  RSCI  cable  ID  module. 
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Fig.  2b.  RSCI  master  module. 


ports.  In  large  systems,  the  hast  is  linked  to  the  master  modules 
through  data  concentrators  over  a  commercially  available  local- 
area  network  (LAN)  as  shown  in  Fig.  ,1. 

ID  mtxiulcs  are  designed  around  the  Motorola  68HC05  high¬ 
speed  CMOS  micrtxrontroller.  This  chip  was  selected  as  the 
RSCI  mixlule  CPU  for  its  (1)  low  power  consumption;  (2)  built- 
in  serial  communications  interface;  (.1)  large  number  of  digital 
I/O  lines;  and  (4)  availability  with  internal  PROM.  EPROM,  or 
EEPROM.  Another  feature  of  the  chip,  the  high-s[x;cd  serial 
peripheral  interface,  will  be  u.sed  to  add  "hot  backup"  redundancy 
to  future  versions  of  the  RSCI  modules.  EEPROM  chips  arc 
being  u.sed  in  the  early  devclojimenl  stages  and  will  be  used  for 
applications  in  which  field  reconfiguration  is  desirable. 

Mtxlularitv  and  maintainability  arc  being  emphasized  heavily 
in  software  development,  which  is  using  slate  transition 
techrjiques.  ID  module  programming  is  in  assembly  language 
for  speed  and  axle  aimpactness. 

Design  goals  for  the  RSCI  system  include: 

I  Mtxiule  cost:  le.ss  than  the  cable  or  end  device  lo  which  the 
module  is  attached. 

2.  Si/e:  diameter  equal  lo  or  less  than  a  trunk  cable  amncctor 
•sr)  that  cable  ID  mtxiulcs  can  remain  attached  to  the  cables 
when  they  arc  pulled. 
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Fig.  3,  Large  RSCI  system  architecture. 


3.  Speed;  ten  minutes  to  determine  the  configuration  of  a  6()00- 
component  system. 

PROJECT  SCX3PE  AND  STATUS 

The  RSCI  development  effort  is  being  spon.sorcd  by  the 
Engineering  Directorate  of  NASA’s  Kennedy  Space  Center  for 
potential  application  to  the  Advanced  Launch  System  (.ALS) 
l  aunch  Processing  System  (LPS).  This  system  will  be  a  large, 
complex,  geographically  distributed  DACS;  several  thousand 
.omponenis  must  be  included  in  its  configuration  control 
pri'gram. 

This  development  effort  divided  into  three  one-year  phases. 
The  first  phase  will  deliver  a  sy'stem  that  determines  the  cable 
and  sensor  configuration  of  a  small  DACS.  thus  demonstrating 
the  validity  of  the  basic  software,  hardware,  and  communications 
protocol  designs.  The  second  pha.se  is  aimed  at  exploiting  the 
distributed  intelligence  of  the  RSCI  modules  by  adding  the 
capability  to  proce.ss  a  variety  of  hou.sekeeping  data,  to  identify 
cveiy  cable  conductor  in  the  path  to  every  end  device,  and  to 
detect  and  locale  wiring  faults.  Additional  pha.se  two  cfforl.s  will 
include  designing  the  system  data  ba.se,  developing  effective  ways 
to  present  the  configuration  data  to  operators  and  to  other 
computers,  and  integrating  the  data  concentrators  and  the  LAN 
into  the  overall  system. 

The  final  pha.se  will  concentrate  on  minialuri/ing  RSCI 
module,s  and  ensuring  that  they  meet  KSC  environmental 
requirements.  A  medium-scale  RSCI  system  with  ~  100  end- 


device  modules  and  ~200  cable  mcxiules  will  be  delivered  in 
this  pha.se.  KSC  technical  involvement  in  the  project  is  directed 
toward  using  an  expert  system  to  process  data  generated  by  the 
RSCI  system,  thus  reducing  the  effort  required  to  analyze  the 
configurations  of  large  DACSs. 

Thus  far,  several  prototype  RSCI  master  and  ID  modules  have 
been  built  and  the  system’s  ability  to  determine  the  physical 
ordering  of  interconnected  modules  has  been  dcmtinsiraied. 
Efforts  arc  under  way  to  fit  the  prototypes  to  a  mock  DACS  for 
a  demonstration  of  the  system’s  sensor-channel  matching 
capability. 

C»Na.USIONS 

The  RSCI  system  offers  valuable  features  not  now  available 
and  not  promLsed  by  new  industry  standards  currently  under 
development.  Its  self-documenting  autoconfiguration  function 
will  greatly  reduce  the  manual  labor  required  in  cabling  checkout, 
whether  for  troublc.sh(X)ting  or  for  quality-a.ssurance  purpo.ses. 
Records  generated  by  the  system  arc  u.scful  for  highly  reliable 
archival  data  storage,  for  post-incident  analysis,  or  for  tracking 
individual  cable  or  component  histories. 

This  technology  has  application  in  many  diff.-rent  industries-- 
wherever  there  is  a  need  to  verify  the  integrity  and  configuration 
of  a  system  of  electrical  devices,  active  or  pa.ssive.  Potential 
applications  to  fossil  and  nuclear  p-iwer  plants  arc  under 
evaluation.  Integration  of  certain  RSCI  features  with  the 
emerging  FieldBas  standard  will  be  examined  when  it  is  issued. 


A  REMOTE  SENSOR/CABLE  IDENTIFIER 


Q:  Ray  Reed  (Sandia  National  Labs':  I  think  this  is  really  an  excit¬ 
ing  prospect  having  a  capability  like  *-his.  I  think  anyone  who  has 
been  in  the  field  with  a  large  system  and  a  •'mall  staff  and  has  any 
concept  of  the  need  for  validating  measurements  has  to  appreciate  what 
you  are  doing.  I  had  one  question.  A  number  of  years  ago  '..•^cn  we  were 
in  the  coal  gasification  research  we  fielded  large  systems  with  many, 
many  thermocouples  and  other  sensors  as  well.  I  would  really  have 
loved  to  have  a  system  like  this  available  because  we  were  having  to 
s-iv-/  i  ^  ^  j  Cl  ^  >u  Q  A.  ^  uO  dut-OlliclLtS.  Ollt 
of  the  things  that  we^  did  at  that  time  was  to  note  that  while  most 
signal  systems,  most  multiplexers  deal  with  cables  pair  by  pair  and 
fixed  pairing,  that  in  some  instances,  particularly  with  regard  to 
thermocouples  and  perhaps  other  sensors  as  well,  you  have  a  number  of 
validation  possibilities  where  you  are  looking  not  simply  pair  by  pair 
but  looking  at  individual  lines  paired  in  different  ways.  For  ex¬ 
ample,  you  frequentlv  want  to  measure  the  isolation  of  a  sensor  from 
ground  or  from  other  sensors.  I  am  wondering  if  your  system  might  be 
adaptable  to  multiplexing  of  the  signal  lines  in  various  ways? 

A:  Steve  Baker;  You  mean  maybe  with  separate  pairs  of  signals  ceminq 
into  a  large  system  or  something?  Not  necessarily  a  cabled  system;  is 
what  you  are  sayi'ig? 

Q:  Ray  Reed:  Some  sensors  can  be  designed  to  benefit  with  multiple 
lines;  not  simply  a  single  pair  but  perhaps  3,  4,  or  5  lines.  Any 
shielded  coax,  for  example,  has  three  lines  and  normally  you  think  of 
the  signal  pair,  but  very  often  you  would  like,  for  validation  pur¬ 
poses  -  and  that  is  one  of  your  concerns  -  to  be  able  to  measure  quan¬ 
tities  not  only  between  the  signal  pair  but  between  each  individual 
signal  line  and  ground.  I  just  mention  that  would  be  another  augmen¬ 
tation  of  this  system  that  would  amplify  your  validation  possibilities 
considerably . 

A:  Steve  Baker;  '*Vhat  1  really  didn't  show  when  I  said  that  we  would 
be  capacitively  coupled  to  the  signal  line  or  sensor  is  that  from  a 
master  -.I’odule  we  can  couple  to  every  line  going  out  to  a  transducer, 
be  it  signal  lines,  be  jt  power,  be  it  any  other  control  signals.  We 
can  put  that  high  frequency  pulse  train  on  all  of  those  lines.  Be¬ 
cause  all  of  those  go  to  the  sensor  therefore  they  all  g^  to  that  sen¬ 
sor  ID  module.  We  can  look  at  each  line  separately  and  determine  the 
integrity  of  it  and  we  can  communicate  all  of  it  back  on  that  one  line 
that  is  dedicated  for  us.  We  can't  do  things  like  meg  it  or  tell  if 
the  insulation  resistance  wire  to  wire  is  not  high.  We  can  verify 
that  indeed  there  is  a  contin-uous  route  through  each  one  of  those  sig¬ 
nal  lines. 

Q:  Bill  Cardwell  (GE,  Evendale);  I  think  that  you  partially 
answered  my  question  in  your  last  statement,  but  looking  at  something 
like  this  for  a  test  cell  environment  where  we  have  many  cells  coupled 
to  a  single  data  room ,  and  not  all  of  the  lines  in  a  particular  cell 
may  be  utilized  for  a  particular  engine  test,  most  of  our  sensors  do 
not  have  the  smart  response  and  consequently  wouldn't  have  any  active 
feedback.  Would  it  be  possible  to  use  something  like  this  in  a  system 
where  not  every  wire  bundle  or  every  wire  pair  was  connected  at  a  par- 
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ticular  time?  In  other  words,  could  I  put  it  at  the  end  of  the  cable 
and  just  use  that  as  a  method  of  identifying  which  wire  pair  was  in 
fact  hooked  up  for  a  particular  test? 

A:  Steve  Baker:  Yes,  I  think  you  could.  Every  cable  that  we  have  in 
the  system,  be  it  a  large  cable  that  would  carry  multiple  signals  or 
be  it  a  small  cable  that  goes  out  to  a  single  transducer,  we  would 
have  smarts  built  into  the  cable  connector  so  that  all  of  the  signals 
that  went  out  whether  they  were  connected  to  a  sensor  or  not,  would  be 
interrogated.  It  is  really  based  upon  the  idea  that  every  wire  that 
you  rtoino  ont  of  yon^"  «:vsteTn  ca-^  be  interroaa  ted .  We  can  tell 
you  that  that  wire  gets  from  pcint  A  finally  through  to  point  Z.  We 
are  really  not  integrating  this  into  the  sensor  as  such,  we  are  in¬ 
tegrating  it  into  the  cabling,  into  the  transmission  media.  We  do  it 
simply  by  having  a  comrriercial  manufacturer  or  m.anuf  acturer  s  produce 
these  things,  like  10-pin  Amphenol  cables,  61  pin,  100  pin,  20  pin  or 
whatever.  As  long  as  the  assumption  is,  for  example,  pin  AA ,  wire  AA 
is  dedicated  for  our  use.  That  is  all  we  have  to  have.  I  didn't 
really  describe  this,  but  there  will  be  some  programming  boxes  where 
technician  enters  all  of  this  housekeeping  iniwi-ination .  It  is  entered 
into  a  nonvolatile  memory  on  that  little  connector.  Then  he  takes 
that  off  and  goes  out  into  the  field  and  screws  it  in  between  the  sen¬ 
sor  cable  and  the  sensor  (and  hopefully,  it  would  be  waterproof,  etc. 
and  it  would  have  the  same  type  of  integrity  that  the  cable  does)  and 
voila  you  have  your  intelligence.  If  that  goes  bad,  you  unscrew  it, 
take  it  out,  and  put  ano*’'''^''  one  in.  We  hope  that  it  is  going  to  be 
somewhat  like  the  last  talk,  ("A  Computer  Programmable  Transducer 
Micro  Circuit")  it  would  be  a  universal  system  that  would  really  have 
a  nujuber  of  types  of  modules  ,  the  types  and  numbers  of  cable  connec¬ 
tors  that  you  have. 

Q:  Marty  Willis  (Rocketdyne) :  If  I  understand  correctly,  what  you're 
planning  to  do  is  to  have  a  module  with  each  sensor  and  the  module  is 
separate  from  the  sensor  itself,  correct? 

A:  Steve  Baker:  Correct. 

V :  Marty  Willis:  I  think  the  concept  is  really  wonderful.  I  know 
that  we  have  a  lot  of  problems  with  cable  identification  to  sensors. 
What  I  don't  understand  is  now  you've  created  a  problem:  where,  what, 
if  the  module  gets  separated  from  the  sensor  that  it  goes  to,  don't 
you  have  to  have  Quality  Control  now  to  verify  that  you  put  the  cor¬ 
rect  module  with  the  correct  sensor?  Otherwise,  you're  doing  your 
checks,  and  it  is  transferring  information,  but  you  still  have  a 
potential  where  the  module  is  identifying  itself,  but  it  is  not  iden¬ 
tifying  the  correct  transducer.  I  still  see  hu.man  error  in  quality 
control  there. 

A:  Steve  Baker:  That's  right.  But  what  we  would  expect  to  do  is 
have  a  security  wire  connecting  them,  or  you  would  have  heat  shrink, 
or  somehow  you  make  it  in  effect  permanently  connected  to  the  cable. 

Q:  Marty  Willis:  If  I  know  NASA  though,  no  one  is  going  to  be  happy 
with  just  safety  wire. 
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A:  Steve  Baker:  Somewhere  it  needs  to  be  done  once.  It  could  be  put 
into  the  sensor.  For  example,  NASA  wants  to  know  what  cable  is  con¬ 
nected  to  what  cable,  what  the  configuration  is  so  somewhere  you  have 
to  supply  this  device.  You  are  right  the  first  time  out;  you  would 
have  to  verify  that. 

Q:  Marty  Willis:  And  then,  anytime  there  is  a  change  I  still  see  the 
same  sort  of  a  problem.  You  are  trying  to  eliminate  a  problem  where 
someone  goes  and  swaps  out  a  transducer  at  the  last  minute,  the 
calibration  information  hasn’t  been  placed  into  the  data  base,  and 
someone  is  running  out  there  doing  make-and-break  tests  or  rap  tests. 
It  would  eliminate  that  but  I  still  think  there  is  a  place  for  giving 
a  false  seme  of  security,  that  everything  is  ok  but  it  isn't. 

A:  Steve  Baker.  Weil  there  i.s  one  thing  that  I  am  planning  to  do 
whenever  the  transducer  comes  into  the  calibration  facility  for 
recalibration.  A  lot  of  QA  testing  and  records  are  done  at  that  time 
so  a  module  reprogrammed  in  the  calibration  lab  and  permanently  af¬ 
fixed  again  to  that  cable,' censor  wculd  be  the  best  that  we  could  do. 
Somewhere  on  the  line  there  nas  to  be  hum.an  intervention  and  what  we 
are  trying  to  do  is  once  we  have  done  that,  and  once  it  is  permanently 
attached  you  can  ewap  these  transducers  ail  over  the  place  in  the 
field.  There  has  to  be  a  point  where  that  is  integrated  in  with  that 
sensor  or  that  actuator  or  that  cable.  At  that  point  you  have  to  be 
especially  careful  of  QA  because  if  it  breaks  down  there  it  obviously 
breaks  down.  What  we  are  expecting  is  that  there  will  be  enough  con¬ 
trols  in  place  one.  time  and  that  you  will  properly  cneck  it  and  you 
caA  permanently  affix  it  so  that  it  becomes  a  permanent  fixture,  a 
permanent  pert  of  that  cable  If  NASA  has  3000  cables  out  here  in 
their  suoply  cabintt  end  the:;.w‘  all  have  intelligent  cable  modules  at¬ 
tached  to  them  and  you  assume  that  when  they  were  attached  the  QA  was 
done  and  it  was  done  right.  I  really  don't  think  that  that  is  a  false 
sense  of  security. 

Q:  Marty  Willis:  Well,  it  doesn't  fit;  right  now  ^^u're  assuming 
that  when  someone  .hooks  up  a  transducer  that  quality  control  was  there 
and  they  hooked  it  up  right.  But  I  miyself  have  rotated  items  on  an 
engine,  and  I  thought  they  were  rig.ht  until  someone  came  back  later 
and  said,  "Should  this  be  an  xy  or  a  yx"?  This  data  doesn't  jive.  We 
had  photographs  and  we  knev;  th=‘t  someone  had  switched  them.  We  had 
quality  control,  toe.  It's  just  that  it  happens.  I  was  just  curious 
about  how  you  were  going  to  deal  with  that.  Also,  you  have  all  of  the 
cable  ID  modules  -  and  maybe  it  is  just  to  eliminate  doing 
troubleshooting  it  the  t  i  .me  -  cui  if  you  just  had  the  one  module  with 
the  sensor  and  youi  masi'er  module  verifies  that  the  sensor  is  in  the 
location  that  you  said,  and  if:  it  doesn't  come  back  and  say  that  it  is 
in  the  proper  location  then  you  would  assume  you  have  an  error  in  one 
of  your  junction  connections? 

A:  Steve  Baker;  i'es,  .also  NASA  w -an ted  to  be  sure  that  from  a  QA 
standpoint  that  the  right  cables  were  connected  together,  and  if  there 
was  a  failure  som.ewhere  in  a  cable,  this  system  would  tell  you  which 
cable  it  was  and  xould  allow  technicians  to  immediately  change  that. 
What  if  you  had  a  probl-  .m  in  a  irermination  box,  which  may  very  well  be 
where  the  cables  split  out  to  the  individual  sensors?  It  will  tell 
you  exactly  what  box  it  is,  and  you  should  know  where  it  is. 


Q:  Marty  Willis:  Just  to  eliminate  having  to  go  through  and  verify 
each  junction  until  you  find  the  right  one? 

A:  Steve  Baker:  Yes,  it  essentially  maps  the  entire  system  automati¬ 
cally  for  you. 

Q:  Dennis  Reed  (EG&G)  :  Two  questions  on  your  mapping  procedure. 
Since  its  a  serial  mapping  until  you  reach  an  open  end  how  does  it 
determine  if  there  is  a  broken  line  along  the  line? 

A;  Steve  Baker:  This  line  broken? 

Q:  Dennis  Reed:  Yes,  if  that  is  broken  somewhere  along  the  line  and 
you  are  looking  for  an  open  end  how  does  it  .  ,  .  .  ? 

A:  Steve  Baker:  If  that  is  broken  somewhere  -long  the  line  it  stops 
at  that  point.  That  is  a  potential  problem.  You  need  to  know  that  a 
line  is  verified  correctly  and  it  is  broken.  Really  there  is  nothing 
you  can  do  because  it  is  physically  broken  so  your  system  comes  back 
and  says  these  are  the  only  components  in  it.  Then  you  know  what 
should  be  there.  Therefore,  that  immediately  tells  you  that  I've  got 
a  problem  in  this  cable.  You  would  go  check  that  out. 

Q:  Dennis  Reed:  So  the  first  time  that  you  map  that  you  have  to 
physically  go  through  and  verify  that  what  the  computer  says  matches 
whaL  you  think  you  have? 

A;  Steve  Baker;  That  is  what  you  would  always  do.  You  know  what  you 
think  should  be  there  because  of  the  way  the  system  has  been  cabled. 
Then  you  know  what  the  computer  tells  you.  If  it  tells  you  something 
different  then  you  need  to  go  check  at  that  point. 

Q;  Uennlt,  Reed:  If  you  are  looking  at  various  transducers  in  a 
serial  method;  if  you  were  to  have  two  transducers  that  were  miswired, 
say  they  are  wired  in  parallel,  could  you  determine  that  there  arc  two 
transducers  on  that  line  instead  of  just  one? 

A;  Steve  Baker:  The  way  this  system  is,  and  it  is  probably  kind  of 
hard  to  see,  in  the  cables  tnat  go  out  to  the  sensor  we  require  two 
dedicated  lines,  one  going  out  to  the  sensor  and  the  other  one  coming 
back  to  tnc  terminal  box.  Really  the  way  that  this  system  is  set  up 
it  is  impossible  to  be  wired  in  parallel.  Using  one  dedi'^ated  line 
and  using  two  dedicated  lines  in  the  final  cable  which  goes  out  to  the 
sensor,  it  is  impossible  to  wire  them  in  parallel.  The  fact  that  they 
are  wired  in  serial  allows  us  to  tell  you  the  order  that  they  are  in, 
and  therefore  the  physical  mapping;  so  really  they  can't  be  in  paral¬ 
lel.  If  they  are  we  have  big  problems 

Q:  Marty  Willis  ( Rocketdyne ) :  Have  you  started  taking  a  look  at  en¬ 
vironmental  use?  If  these  modules  are  going  to  be  mounted  close  to 
the  sensors,  in  quite  a  few  of  the  cases  aren't  you  going  to  have  them 
in  situations  where  they  will  be  exposed  to  extreme  cold  and  perhaps 
extreme  heat,  and  obviously  a  lot  of  vibration?  It  seems  to  me  if  we 
could  build  modules  like  that  we  would  already  have  smart  sensors  that 
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could  perform  in  those  environments  and  we  don't.  At  least  not  that  I 
know  of.  Have  you  started  addressing  those  issues  ot  maybe  you  don't 
have  environmental  problems? 

A:  Steve  Baker:  We  are  starting  to  address  those  issues.  If  you 
think  about  it,  more  and  more  transducers  are  becoming  smart  now.  The 
particular  microprocessor  we  are  using  is  available  in  the  mil-grade 
version.  It  is  high-speed  CMOS  can  withstand  -30®  to  +60® C.  Ob¬ 
viously,  the  way  it's  made,  the  circuit  board  should  be  able  to 
withstand  a  fair  amount  of  vibration.  It  should  be  able  to  withstand 
most  environments.  It  will  be  sealed  as  it  is  part  of  the  cabling 
system.  Everything  is  sealed  because  of  the  salt  water  environment. 
From  that  standpoint  it  will  be  able  to  live  in  the  environments  of 
most  sensors. 

Comment:  Marty  Willis:  I  know  with  the  shuttle,  in  most  cases  when 
they  start  chilling  down  things  for  quite  a  period  of  time  things  are 
going  to  be  pretty  cold. 

A:  Steve  Baker:  It  can't  withstand  200  C  type  environment,  as  no 
electronics  can.  But  it  should  be  rugged  enough  that  it  can  withstand 
most  of  the  environments  that  sensors  would  no’'mally  be  in.  There  may 
be  a  few  exceptions. 
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VOICE  ACTIVATED  HOT  MIC. 


Sidney  R.  Jones,  Jr. 
Naval  Air  Test  Cente'' 
Airborne  Instrumentation 
Patuxent  River,  MD  20670 


Abstract 

In  many  instrumentation  applications,  a  good  clear  Intercom  System  (ICS)  is 
a  necessity.  This  holds  true  for  instrumentation  personnel  at  various  ground 
sites  as  well  as  aircrew  in  multiple  seat  aircraft.  When  the  ICS  is  operated  in 
the  "Hot  Mic"  mode,  the  microphones  are  constantly  keyed  or  held  open.  This 
allows  the  aircrew  to  fly  their  test  points  without  keying  the  mic  every  time 
they  want  to  talk.  Thus  all  of  the  breathing  and  other  extraneous  noise  is 
transmitted  over  the  ICS.  By  installing  a  Voice  Activated  Switch  (VOX)  which 
triggers  on  the  crew's  voice,  the  majority  of  the  background  noise  that  is 
transmitted  on  the  ICS  is  eliminated,  making  for  a  much  quiter  intercom  system. 


Introduction 

At  the  Naval  Air  Test  Center  (NATC)  in  Patuxent  River,  Maryland,  a  lot  of 
flight  testing  is  done  on  a  variety  of  planes.  Many  of  these  are  multiple  seat 
aircraft  which  are  already  equipped  with  a  voice  activated  hot  mic  (VOX)  mode. 
When  a  trainer,  a  two  seat  version  of  a  particular  single  seat  aircraft,  was 
being  tested  at  NATO,  the  pilots  wanted  the  dear  transmission  which  they  had 
experienced  with  previous  VOX  equipped  planes.  As  a  result,  the  Airborne 
Instrumentation  Department  was  tasked  to  build  and  install  an  instrumentation 
’evel  VOX  circuit  for  this  aircraft  during  the  time  it  was  undergoing  flight 
test  at  NATC. 


System  Operation 

T^e  goal  was  to  des’qr,  a  circuit  tnat  would  detect  whenever  voice  was  com¬ 
ing  through  the  microphone,  'when  detected,  the  voice  would  be  passed  to  the 
ICS.  Any  input  that  was  not  voice  would  be  rejected.  Among  the  several  design 
approaches  considereo  was  to  use  a  Fast  Fourier  Transform  chip  to  detect  an 
input  that  was  within  the  voice  frequency  range.  After  noting  the  complexity 
of  this  circuit,  we  opted  for  a  uimpier  solution,  A  sound  level  detect  cir¬ 
cuit,  similar  to  those  found  in  other  VOX  installations  was  chosen.  When  con- 
s’dering  the  majority  of  noise  will  be  low  level  background  noise,  this  circuit 
should  perform  adequately. 


vox /ICS  Inter  fa  ce  Diagram 
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Once  voice  is  detected  on  the  mic  lines,  it  has  to  be  switched  through  the 
KS  system.  The  first  approach  was  to  make  and  break  the  mic  lines  to  the  ICS 
With  a  relay  (see  figure  la).  Whenever  the  voice  is  to  bo  passed,  the  VOX  cir- 
c.u'L  closes  the  control  switch.  The  mic  is  then  directly  connected  to  the  ICS 
system.  Alter  building  this  circuit,  'oading  problems  were  discovered  between 
tiiO  microphone  pre-amp  and  the  ICS.  The  VOX  circuit  was  set  up  so  a  normal 
voice  level  coming  into  the  mic  would  trigger  the  relay.  When  the  relay  was 
energized  connecting  the  mic  lines  to  tne  ICS,  the  ICS  would  load  the  pre-amp 
so  badly  the  resulting  signal  level  would  no  longer  trigger  the  VOX  circuit. 
The  relay  would  be  disabled,  disconnecting  the  mic  f'"om  the  ICS.  The  signal 
level  would  jump  back  to  its  previous  level  triqaering  the  circuit  again.  As 
long  as  there  was  a  voice  input,  the  relay  would  "chatter",  Another  approach 
was ' needed . 

The  ICS  system  has  two  concrcl  lines--hot  mic  and  racio  over  ride.  In  the 
cockoit,  to  use  either  mode  a  switch  is  thrown  which  grounds  the  appropriate 
control  line.  To  get  voice  to  activate  the  hot  mic  mode  for  brief  periods  of 
time,  VOX  is  used  to  ground  the  hot  mic  control  line  (see  figure  lb). 

Interfacing  the  VOX  circuit  to  the  ICS  in  this  way  solved  the  loading  prob¬ 
lem.  Also,  this  was  a  much  better  solution  from  a  safety  of  flight  standpoint. 
In  the  '"orst  case  scenario  of  a  VOX  failure,  the  control  switch  would  be 
closed.  No  communications  would  be  lost  since  the  ICS  would  see  it  as  normal 
hot  .mic  moce.  However,  using  the  previous  method  (figure  la),  in  the  worst 
case  the  control  switch  would  be  open.  The  aircrew  would  no  longer  be  able  to 
talk  to  the  ground  or  each  other. 

Circuit  Description 

The  microphone  lines  are  nm  into  an  amplifier  and  filter  circuit  (see 
figure  2).  The  amplifier  is  ad.]usred  to  get  maximum  gain  without  saturating 
the  amplifier  (see  figure  3a).  This  provides  greater  sensitivity  in  the 
following  threshold  detect  rircu'L.  The  filter,  with  a  rutoff  frequency  of  5 
KHz,  will  attenuate  the  noise  with  a  frequency  greater  than  that  of  the  voice. 
As  a  result,  the  higher  frequency  noise  gets  filtered  out  before  it  can  trigger 
the  VOX  circuit. 
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FIGURE  3 


The  voice  signal  tends  to  be  reasonably  s>'Tiimetri cal .  Since  the  detect  cir¬ 
cuit  looks  at  the  amplitude  of  the  signal,  the  negative  portion  isn't  neces¬ 
sary.  The  signal  is  sent  through  a  clipping  circuit  before  being  fed  into  a 
smoothing  circuit.  The  smoothing  circuit  rounds  the  spikes.  It  keeps  the 
threshold  circuitry  from  triggering  on  spikes  close  to  the  threshold  level.  We 
now  have  a  0  to  15  volt  signal  input  to  the  threshold  detect  circuit.  The 
threshold  detect  circuit  uses  a  comparator  to  compare  the  modified  voice  signal 
with  the  threshold  adjust  voltage  (see  figure  3b).  As  long  as  the  signal  is 
below  the  threshold,  the  comparator  output  is  kept  constant  at  +15  VDC.  When¬ 
ever  the  signal  exceeds  the  threshold,  the  output  drops  to  -15  VDC.  In  order 
to  protect  the  input  of  the  next  stage,  a  clipping  circuit  is  used  to  limit  the 
signal  to  a  0  to  15  volt  square  wave  (see  figure  3c). 

While  the  timer  input  is  high  (no  voice  detected)  ,  the  timer  output 
remains  low  keeping  the  control  circuit  relay  disabled.  When  the  timer  input 
swings  low  (voice  detected)  ,  the  output  rises,  energizing  the  relay  which 
grounds  the  hot  mic  control  line.  As  long  as  the  input  remains  low  (voice 
still  present)  ,  the  relay  is  kept  energized.  When  the  input  swings  high  again 
(voice  disappears),  the  timer  starts  its  time  out  sequence.  If  the  input 
aoesn't  drop  low  again  (no  voice  detected)  before  a  predetermined  period  "t" 
has  been  reached,  the  re'ay  is  disabled  allowing  nothing  to  reach  the  ICS.  If 
the  input  does  drop  low  before  the  time  out  period  has  been  reached  (voice 
reappears)  ,  the  timer  is  reset  and  doesn't  begin  its  time  out  sequence  again 
until  the  input  goes  hign  (see  figure  3d). 

After  manufacturi no  a  working  circuit  card,  the  board  was  redesigned  with  a 
much  greater  density  and  a  few  enhancements.  The  idea  was  to  make  a  generic 
board  that  with  minimum  effort  could  be  configured  for  individual  requirements. 
Among  these  enhancements  are; 

■  A  dual  channel  board  measuring  2  3/4  inches  by  4  inches. 

■  The  ability  to  use  the  control  relay  normally  open  or  normally 

closed . 

■  The  choice  of  using  a  pot  instead  of  a  fixed  resistor  for  amplifier 

gain  control . 

■  Trie  availability  of  placing  resistors  on  either  side  of  the 

threshold  adjust  pot  to'achieve  any  desired  thresholo  adjust 

sensi ti vi ty . 


Other  Uses 

Although  the  circuit  was  designed  as  a  VOX  control  circuit,  the  more 
correct  name  is  a  voltage  activated  switch  or  voltage  monitor  card.  When 
looking  at  the  circuit  in  this  way,  a  whole  range  of  possible  applications 
opens  up.  In  any  given  instrumentation  system  there  are  a  variety  of 
transducers.  The  majority  of  these  transducers  provide  a  DC  output.  Those 
remaining  could  be  run  into  signal  conditioning  to  provide  a  DC  output.  Any  of 
these  transducers  could  ne  used  as  the  front  end  to  this  circuit.  When 
prope''ly  configured  this  circuit  could  be  an  over/under  voltage  indicator, 
temperature  indicator,  RPM  indicator,  position  indicator,  etc. 


Conclusion 

Upon  completion  of  the  ’nitial  phase  of  the  VOX  project,  the  Navy  as  well 
as  the  aircrew  liked  the  design  so  well,  tnot  we  are  currently  trying  to  find  a 
suitable  packaging  scheme  to  incorporate  VOX  as  a  fleet  wide  modification. 
Airborne  Instrumentation  iu  looking  into  placing  VOX  units  in  the  test  engineer 
stations  v.'ithi.'  our  crouna  station.  This  will  enable  the  test  engineer  to  hear 
the  pilot’s  voice  through  VOX  wheMier  the  aircraft  has  one  installed  or  not. 
These  are  only  a  'ew  of  the  applications  of  this  simple  but  versatile  circuit. 


D  ua  l  Ch  an  nc  I  VOX  Circ  ui  t 
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VOICE  ACTIVATED  HOT  MIC 


Q:  Bill  Cardwell  (GE,  Evendale  OH) :  Is  there  a  problem  on  this  being 
in  the  aircraft  with  two  microphones,  the  pilot,  and  the  co-pilot 
being  close  to  each  other  and  both  talking  at  the  same  time,  or  mul¬ 
tiple  circuit  activation  into  the  same  voice  net? 

A:  Sidney  Jones:  No,  this  is  no  different  than  the  aircraft  con¬ 

figuration  without  hot  mic . 

Q:  Bill  Cardwell:  The  ground  station  has  to  recognize  by  voice  then 

which  is  talking? 

A:  Sidney  Jones:  Yes. 
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Improving  the  Response  Time  and  Accuracy  of  Transient  Thermal  Measurements  in  Live 
Fire  Testing  (LFT)" 

James  G.  Faller 

Live  fire  vulnerability  testing  is  mandated  by  law  for  all  major  development  combat 
vehicles  of  the  Army,  One  of  the  principal  aims  of  such  testing  is  to  gain  a  realistic  crew 
casualty  assessment  during  round  penetration  of  the  vehicle.  Thermal  injury  to  skin  and 
eyes  stemming  primarily  from  direct  contact  with  hot  gases,  liquids,  and  particulates 
represents  a  major  hazard  to  the  vehicle  crew.  Recent  survivability  test  programs  at 
Aberdeen  Proving  Ground  (APG)  have  led  to  the  development  of  test  methods  and 
instrumentation  to  collect  rapid,  real  time,  usable  and  intcgrable  thermocouple 
temperature  and  heat  flux  sensor  data  desired  by  the  office  of  the  Surgeon  General  in 
making  their  hazard  analysis. 
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A  Very  Wide  Dynami''  Range  Data  Acquisition  System 


Jack  R.  Carrel 
Senior  Engineer 
EGsG  Energy  Measurements,  Inc. 
.Sandia/DoD  Engineering 
Las  Vegas,  MV 


Abstract 


This  article  presents  the  design  of  a  data 
acquisition  system  that  was  developed  by  EG&G  Energy 
Measurements  for  Sandia  National  Laboratories.  The 
acquisition  system  comprises  individual  seismometers 
that  measur.?  seismic  activity  at  remote  stations 
located  several  hundred  miles  fiom  a  central  data 
collection  facility  and  control  point.  The  remote 
stations  operate  'inattended  and  receive  commands  for 
setup  and  status  check  from  the  control  DOint. 
(Additionally,  the  stations'  operation  can  be  modi¬ 
fied  by  transmitting  software  modifications  from  the 
control  point. j  At  the  remote  station  the  data  from 
the  seismometers,  ranging  from  10  microvolts  to  4 
volts,  is  digitized  and  transmitted  over  telephone 
lines  to  the  central  collection  point.  Bprau<^o  of 
the  wide-<iynamic  inpiit  voitage  range,  the  system  was 
designed  witn  16-bit  analog-to-digital  converters 
and  an  autoianging  capability,  giving  an  effective 
20-bit  range.  Errors  due  tc  noise  were  kept  to  a 
miniiTOjm  by  careful  selection  of  components  and 
effective  packaging  design;  nonlinearity  was  reduced 
by  oversampling  the  input  signal  and  then  digitally 
filtering  the  sampled  data. 


INTRODUCTION 

mhis  document  presents  Llie  considerations  and 
processes  used  in  the  design  of  a  seismic  data 
acquisition  system  developed  by  EGtG  Energy  Measuie- 
ments,  Inc.  for  Sandia  National  Lalxirattr ies  (ENL;. 
The  full  data  acquisition  system  is  described,  and 
the  new  design  of  the  remote-station  data  acquisi¬ 
tion  equipment  is  presented.  The  critical  problem- 
areas  are  identified;  th^se  include  random  noise  and 
systematic  errors.  The  careful  consideration  of 
these  and  other  error  sources  \n  the  selecti.jn  of 
system  compo.nents  and  cent  iguration  nunimiceci  or 
negated  their  effects.  The  primary  challenge  in  the 
development  of  this  system  was  the  very  wide  range 
of  signal  cumplitude  fiom  the  laiious  seismometers. 
Dy  ad;iustir;q  the  system  for  each  seismometer  and 
then  segmenting  ttir,  remaining  signal  lange,  j  system 
ccuid  be  developed  that  -•-'onld  per,‘orm  more  than 
adequately. 


BACKGROUND 

The  seismic  data  acquisition  system  collects 
information  from  seismic  stations  that  are  located 
several  hundred  miles  fiom  a  central  data  collection 
and  control  point.  Each  station  is  composed  of  sev¬ 
eral  seismometers  that  are  attached  to  signal  condi¬ 
tioning  equipment.  The  output  of  the  signal  condi¬ 
tioning  equipment  is  digitized  and  transmitted  by 
modem  communications  to  the  central  data  collection 
facility,  where  the  data  is  processed  for  analysis 
and  archival.  From  the  central  data  collection 
facility,  an  operator  can  send  commands  to  the 
remote  station.  These  commands  include  system 
readiness  tests  and  configuration  settings  for  each 
seismometer  channel.  The  configuration  settings 
control  the  attenuation  of  the  signal  prior  to  the 
analog-to-digital  conversion.  These  attenuator 
settings  ate  used  to  condition  the  seismometer  sig¬ 
nal  for  the  maximum  usage  of  the  analog-to-digital 
converter  operating  range.  These  attenuations  are 
implemented  through  the  actuation  of  relays.  The 
relays  control  the  connection  of  a  series  of  resis¬ 
tors  that  provide  fixed  amounts  of  attenuation  to 
the  input  signal. 

The  system  is  tested  for  readiness  by  sending  a 
specified  current  to  the  calibration  coil  of  the 
seismometer.  The  system  monitois  the  resulting  out¬ 
put  of  the  seismometer.  The  operator  can  then  ver¬ 
ify  that  the  system  is  functioning  by  watching  the 
signal  that  is  collected  at  the  central  collection 
facility.  This  test  verifies  that  the  seismometer 
mass  is  not  too  close  to  a  boundary  and  that  the 
data  acquisition  system  is  functioning  properly. 

InIEW  SYSTEM  REQUIREMENTS 

The  design  that  is  being  considered  in  this 
document  is  a  redesign  of  the  remote-station  data 
acquisition  equipment.  The  customer  at  SNL  and  the 
EGS.G  operators  designated  several  requirements  for 
the  new  design.  These  reciui rements  are; 

•  Provide  five  channels  per  remote  station 

•  Simplify  design  and  operation;  remove  relays 

•  Increase  sensitivity 

•  Increase  resolution  within  each  range 

•  Allow  remote  software  modification 

«  Use  high-level  language 

•  SjTichronize  all  of  th°  stations  for  relative 
phase  measurements 

Th-Ti?  ar-e  five  seismometers  at  each  of  the 
remote  stations.  Each  of  the  five  channels  at  the 
lemote  station  has  a  seismometer  attached  to  it. 


The  details  concerning  the  seismometers  will  be 
presented  later. 

The  existing  system  had  two  major  problems  that 
affected  its  reliability.  First,  the  system  con¬ 
tained  a  large  number  of  relays.  The  problems  with 
these  relays  caused  the  operators  to  ask  that  the 
new  design  eliminate  relays  or  at  least  reduce  the 
namber  of  them.  Second,  the  existing  system  used 
STD  ous  card  edge  connectors.  As  is  generally  the 
case  with  card  edge  connectors,  it  was  necessary  to 
clean  and  re-seat  the  cards  periodically . 

The  required  sensitivity  of  the  new  system  is  1 
microvolt.  The  sensitivity  uf  the  existing  system 
was  100  microvolts.  As  will  be  shown  later,  the 
lowest  signals  expected  from  the  seismometer 
approach  a  sensitivity  of  less  than  1  microvolt. 

The  customer  specifically  asked  that  we  increase 
the  resolution  of  the  system.  The  concern  is  that 
very  small  signals  contain  information  that  is  of 
interest.  If  the  small-amplitude  frequency  compo¬ 
nents  are  riding  on  a  larger -dimplitude  component, 
the  existing  system  would  continue  to  change  ranges 
to  ensure  that  the  larger  amplitude  signal  would  not 
be  clipped.  The  resolution  of  the  exi.sting  syo;.em 
was  11  to  12  bits  within  r3  range.  The  new  system 
uses  fewer  langes  and  '^-bit  analog-to-digital  con¬ 
verters  to  meet  this  requirement. 

To  change  the  operating  software  of  the  existing 
stations,  new  PROMs  would  have  to  be  programmed,  and 
then  carried  out  to  the  remote  station  to  be 
installed  in  the  system.  Since  making  these  changes 
at  most  of  the  stations  would  lequire  several  hun¬ 
dred  miles  of  travel,  a  better  method  of  upgrading 
and  modifying  the  system  software  was  required.  In 
the  new  system,  electrically  erasable  PROMs  are 
used  to  store  the  operating  program.  This  program 
can  be  changed  by  way  of  the  modem  link  from  the 
central  data  collection  facility. 

finally,  in  order  to  make  the  phase  measurements 
between  remote  stations  mote  accurate,  the  new  sys¬ 
tem  synchronizes  the  loccnl  sampling  clocks  to  WWVB. 
This  synchronization  allows  measurements  with  C.5 
milliseconds  of  relative  accuracy. 

lA'PUT  REQUIREMENTS 

There  are  three  types  of  seismometers  in  the 
seismic  .system.  Thecn  ‘rhiee  seismometers  are  shown 
in  labie  1,  along  with  the  minimum  and  maximum  sig¬ 
nal  levels  that  wll  be  expected  from  them.  Mote 
that  the  total  range  covered  by  these  seismometers 
ranges  from  0.9  microvolts  as  the  minimum  signal 
from  the  SL'llO  -  '20  to  I.  i  volts  as  the  m,iximum  from 
the  GS-13.  These  two  represent  a  range  of  over  130 
da.  To  cover  this  range  would  lequiic  that  the  sys¬ 
tem  have  an  analog-to-diqi tal  converter  of  2'5  iiits. 
including  the  sign  bit,  since  these  are  only  [leak 
voltage  values.  As  is  also  shown  in  th®  table,  the 
expected  input  signal  level  of  each  .seisiwimetei  type 
has  a  range  of  only  105  dB.  This  range  can  be 
covered  with  an  analog-to-digi tal  converter  of  20 
bits  including  the  s,ign  tat.  That  i.s  a  substantial 
r'^duction  in  thr-  r<;>qiji[cri  [leiformance  of  the 
analog-to-digi tal  convert er . 

The  existing  system  .sampled  the  input  signal  at 
'^0  samples  per  second.  In  ordr’r  to  minimize  the 
impact  on  the  analysis  software,  the  sample  rate 
lemained  at  50  sampler,  [.ler  second  foi  data  that  is 


supplied  in  real  time  to  the  data  collection 
facility. 

THE  NEW  SYSTEM 

The  new  system  is  represented  by  the  block  dia¬ 
gram  in  Figure  1.  The  left  side  of  the  figure  shows 
the  equipment  on  the  seismometer  pad,  which  is  a 
large  concrete  platform  that  the  seismometers  are 
set  on. 

In  the  new  system,  all  possible  sources  of  noise 
are  removed  from  the  pad  area.  Experience  has  shown 
that  the  two  main  sources  of  noise  are  60  Hz  elec¬ 
trical  noise  from  AC  pxT'er  cables,  and  mechanical 
noise  generated  by  such  things  as  cooling  fans. 
Both  of  these  sources  can  cause  subharmonics  to  be 
generated  that  are  within  the  bandwidth  of  the  seis¬ 
mometers  and  the  instrumentation.  To  remove  these 
sources,  two  criteria  were  selected  for  the  new  sys¬ 
tem.  First,  the  instrumentation  rack  would  be  moved 
as  far  away  from  the  pad  as  feasible.  This  would 
remove  all  of  the  sources  of  mechanical  noise  from 
the  pad  area.  Second,  the  pad  would  be  kept  free  of 
any  AC  power.  All  of  the  equipment  in  the  new  sys¬ 
tem  t.hat  needed  to  be  either  in  the  area  or  on  the 
pad  would  be  DC  voltage. 

Since  the  instt'jmentation  had  to  be  moved  from 
the  pad  and  since  the  signals  from  the  seismometers 
are  of  such  a  low  level,  the  new  system  has  pre¬ 
amplifiers  on  the  pad.  These  preamplifiers  amplify 
the  seismometer  signal  and  provide  a  quiet  impedance 
matching  to  the  seismometer  output.  The  preampli¬ 
fiers  use  DC  power  that  is  supplied  from  the  Distri¬ 
bution  Unit.  In  addition  to  supplying  DC  power  to 
the  Preamplifiers,  the  Distribution  Unit  also  sup¬ 
plies  the  calibration  coil  signal  to  each  of  the 
seismometers. 

As  is  shown  on  the  right  side  of  Figure  1,  a  VME 
chassis  was  selected  to  contain  the  station  instru¬ 
mentation.  VME  was  chosen  because  of  the  positive 
mating  connectors  and  because  of  the  availability  of 
chassis  on  the  commercial  market.  The  signal  from 
the  Preamplifiers  enters  the  Analog  Module,  where  it 
is  digitized  and  transferred  to  the  Processor  mod¬ 
ule.  The  Processor  Module  then  sends  the  digitized 
signal  to  the  central  data  collection  facility 
through  the  modem  connected  to  one  of  its  serial 
ports. 

Ttie  VME  chassis  was  modified  to  include  separate 
power  supplies  for  all  of  the  analog  circuitry. 
This  modification  was  necessary  because  VME  chassis 
are  designed  for  a  digital  environment  and  are  su[>- 
pi  ied  with  a  switching  regulated  power  supply,  a 
ty;i(.  of  power  supply  that  is  inherently  very  noisy. 
Also,  because  digital  systems  tend  to  put  noise  on 
the  power  supply  becaust?  the  digital  switching, 
the  analog  system  was  supplieo  with  quieter  linear 
reoulated  power  supplies.  In  addition  to  being 
quieter  than  the  switching  regulator  power  supply, 
the  separate  linear  regulated  power  supplies  further 
isolate  the  analog  portion  of  the  system  from  the 
digital  system  and  keep  the  isolation  between  the 
two  systems  intact.  The  information  passed  between 
the  analog  and  digital  portions  of  the  system  is 
through  optical  couple,. s. 

The  Calibration  Module  provides  several  func¬ 
tions  to  the  .system.  It  supplies  the  sampling  clock 
to  the  Analog  Modules  in  t h"  VME  chassis;  this  sam- 
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Figure  1.  Seismic  station  block  diagram. 
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Ficrire  1.  Seismic  station  block  diagrara  (concluded). 


pling  clock  is  synchronized  to  WJVB.  The  Calibra¬ 
tion  Module  also  generates  the  calibration  signals 
for  the  seismometers  and  provides  the  DC  voltages 
for  the  Distribution  Unit. 

The  Memory  Module  in  the  VME  chassis  buffers  the 
that  is  transmitted  to  the  Central  Data  Collec¬ 
tion  Facility  and  provides  additional  memory  that 
can  be  used  by  the  Frocessor  Module.  This  memory  is 
CMOS;  it  has  batter'/  backup  when  power  is  not 
applied  from  the  VME  bus. 

POTENTIAI,  ERROR  SOURCES 

The  remote-station  instrumentation  can  operate 
only  if  the  potential  sources  for  errors  are  con¬ 
sidered  in  the  system  design.  Table  2  lists  the 
major  errors  that  were  considered  in  the  design  of 
this  system.  These  errors  are  generated  in  the  sig¬ 
nal,  primarily  in  the  analog  circuitry. 

The  gain  error  and  the  gain  linearity 
error  must  be  considered  in  the  design  of  each  of 
the  amplifiers  in  t.he  signal  path.  Table  3  shows 
the  gain  calculations  for  the  resistors  in  an 
inverting  operational  amplifier  circuit.  These 
calculations  show,  of  course,  that  the  gain  of  tne 
amplifier  relies  more  on  the  ratio  of  the  resistors 
than  on  the  acciracy  of  each  resistor.  Also,  the 
gain  stability  with  temperature  depends  upon  the 
matchi.og  of  the  temperature  coefficients  of  the  two 
resistors.  This  means  that  even  if  the  temperature 
coefficients  of  the  resistors  are  not  within  the 
0.0015  percent  required  by  a  16-bit  system,  the  gain 
error  could  still  be  sufficiently  s.-nall  if  the  ratio 
of  the  temperature  coefficients  of  the  resistors 
track  within  the  0  OOIS  percent  tolerance. 

The  gain  linearity  error  is  Che  most  difficult 
one  to  deter.mine  and  ccrrecc.  If  the  temperature 
coefficients  of  the  gain  resistors  of  the  amplifiers 
do  rot  track,  or  i£  their  temperature  coefficients 
do  not  track  linearly  with  each  other,  nonlinear 
gain  errors  will  exist  in  the  system.  The  likelihood 
of  these  erects  occurring  in  a  large  enough  magni¬ 
tude  to  be  a  problem  rs  very  slight.  We  have  not 
been  able  to  devise  ai'.  adequate  test  to  verify  the 
lineality  ot  the  system  to  the  full  20 -bit  accuracy, 
.‘he  r'lrhieiTi.s  with  this  cf  testing  invobve  find¬ 

ing  ‘1  signal  source  and  a  measurement  device  that 
will  cover  the  full  range  of  the  system.  As  a 
refill t,  tr.,'  best  way  ^c  test  the  linearity  of  th° 
system  in  re  tent  the  various  portions  of  it  sepa¬ 
rately.  ".j  d-:.  this,  ••--•e  can  irx-k  at  the  .system  .is 
;-,.n  lh~hit  syst-'’ms.  Care  rmist  !)«  tt-ken  that  '  h'’ 
integral  n-on  1 ■  :ea :  '  t  y  lines  iint  ".ause  a  d‘S''e;n:Dle 
error  botwpi’ii  thi?  1*;  t-it,  r.i'igi.'C. 

The  FK,  oftcet  is  net  -ot  great  concern  as  1-ong  as 
It  doe,  not  accumulate  th.rough  the  .system  and  cause 
the  lower  range  .f  the  system  to  be  unusable.  The 
information  fro.n  the  sersm.imetp;s  is  studied  mostly 
in  the  freepiency  domtun.  TherofQi-g^  35  long  as  the 
DC  offset  IS  low  eno’jgh  to  ail-,'.-,  the  collection  of 
the  other  tiequency  comr'o.nents,  it  is  not  a  ptob.lem. 
The  IiC-oftset  drift  can  I'e  a  proljlem  if  it  i.s  cf 
sufficient  frequenry  that  t  .aptiears  to  be  seismic 
information.  Because  the  .seis.mic  information  is  of 
such  low  frequency,  the  LC  offset  drift  with  temper¬ 
ature  can  be  a  source  of  etrot  and  should  be  consid¬ 
ered  thr,j.,.ghQUt  the  design. 

Because  of  the  extremely  low  levels  of  some  of 
the  signals  from  the  seismometers,  noise  is  an 


important  factor  in  the  design  ot  the  instrumenta¬ 
tion  system.  As  previously  discussed,  there  ate  two 
types  of  noi.-3e  in  this  system:  electrical  and 
mechanical.  The  effects  of  the  mechanical  noise  ate 
greatly  reduced  by  the  removal  of  the  instrumenta¬ 
tion  rack  and  its  associated  cooling  fans  from  the 
seismometer  pad. 

The  electrical  noise  has  three  major  sources; 
component,  circuit,  and  60-Hz  power  lines.  The 
component  noise  is  a  result  of  the  random  thermal 
motion  of  electrons  and  although  very  small  can 
still  add  to  the  overall  circuit  noise.  The  circuit 
noise  results  from  the  configuration  of  components 
that  reinforce  or  inhibit  noise  generation  and  accu¬ 
mulation  through  the  system.  (Component  noise 
sources  such  as  flicker  ncise  and  shot  noise  should 
also  be  considered,  especially  with  the  use  of  mono¬ 
lithic  operational  amplifiers.)  As  is  true  with 
most  instrumentation  systems,  the  insertion  of  60-Hz 
signals  into  the  measurement  signal  must  be  elimi¬ 
nated  or  at  least  reduced.  Often  in  an  instrumenta¬ 
tion  system,  the  problem  is  not  the  existence  of 
60-K2  noise  in  the  environment,  but  rather  the 
insertion  of  60-Hz  signals  as  a  result  of  improper 
circuit  configuration  and  improper  grounding  and 
shielding  techniques. 

Another  possible  source  of  error  in  the  system 
can  be  the  generation  of  frequency-dependent  devia¬ 
tions  in  the  amplitude  response  of  the  system  in  the 
frequency  band  of  interest.  The  most  likely  cause 
of  this  error  is  the  improper  alignment  of  poles 
from  the  filters  that  are  used  throughout  the  sys¬ 
tem.  If  the  poles  line  up,  tnen  the  ripple  from 
each  filter  can  accumulate  into  an  error  that  is 
substantial  enough  to  affect  the  perform.ance  of  the 
systtmi.  T.ne  filters  of  the  system  need  to  be 
designed  to  ensure  that  this  does  not  occur.  This 
;s  tile  one  error  discussed  here  that  can  also  lie 
caused  by  the  digital  portion  of  the  system. 

DESIGN  APPROACH 

I'he  approach  followed  in  the  design  cf  the 
remote  station  instrumentation  system  was  to  pay 
attention  tc  the  generation  of  ecrors  in  the  analog 
portion  of  tiie  system,  keep  the  digital  portion  from 
causing  errors  to  feed  into  the  analog  signal,  and 
keep  the  digital  signal  processing  from  generating 
errors  through  numerical  methods.  The  first  of 
these  considerations,  the  generation  of  errors  in 
tfie  analog  portion  of  the  system,  required  the 
greatest  amount  of  attention.  The  following  guide- 
iinf’S  were  used  to  achieve  the  minimum  amount  of 
ei‘,.or  in  the  analog  signal: 

•  Minimize  com,ponent.s  in  the  signal  path 

•  Use  low  noise  conipc:nents 

•  Keep  the  signal  path  quiet 

The  number  of  components  in  the  signal  path  was 
kept  tc  -n  miinimum  liecause  all  electrical  components 
generate  ncise  that  will  accumulate  rn  the  circuit. 
Once  in  the  system,  the  noise  will  either  add  or 
multiply,  but  in  c-itlier  case  it  will  accumulate 
throughout  t  tie  circuit  and  will  influence  the  meas- 
uiement  signal. 

By  selecting  low-noise  components,  ttie  accumula¬ 
tion  of  noise  in  the  system  can  be  kept  to  a  mini¬ 
mum.  For  instance,  the  thermal  noise  in  resistors 
IS  prop-li  t  ional  to  the  temperature  and  the  resis¬ 
tance  value  of  the  resistor.  In  this  design  we  did 
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ERROR  SOURCES 


Table  i.  Gain  calculation:  ioi  lesistors  in  an  inverting  operational 
amplifier  cir  uit. 
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same  temperature.  The  nonlinearity  error  is  still 
difficult  to  verify,  although  it  does  not  appear  to 
be  a  problem.  The  DC  offset  is  not  a  problem 
because  of  the  stability  of  the  circuit  and  the 
monolithic  amplifiers  that  were  chosen,  the  OPA27s. 
The  overall  design  of  the  system  was  simplified  try 
the  segmentation  of  the  requited  20-bit  range  for  a 
single  digitizer  into  two  overlapping  16-bit  ranges. 
Finally,  digital  processing  techniques  such  as  over- 
sdjtpling  and  filtering  were  used  to  reduce  the 
effects  of  unwanted  signals. 
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A  VERY  WIDE  DYNAMIC  RANGE  DATA  ACQUISITION  SYSTEM 


Q:  Steve  Baker  (Oakridge  National  Laboratory) :  I  noticed  you  used 
essentially  a  successive-approximation  A/D  converter  from  Crystal,  one 
that  gave  you  a  high  sampling  rate? 

A:  Jack  Carrel:  Yes,  but  I  don't  think  that  it  is  successive  ap¬ 
proximation  . 

Q:  Steve  Baker:  The  basic  question  that  I  had  is  that  the  other  ap¬ 
proach  you  could  take  would  be  to  use  the  slower  dual  or  triple  slope 
integrating  A/D  converter  and  I  wondered  what  your  thought  process 
was,  why  you  chose  this  over  that? 

A:  Jack  Carrel:  Even  those  converters  are  going  to  have  the  wideband 
component  noise,  and  given  the  level , I  thought  it  was  more  important 
to  have  a  high  sample  rate,  and  then  in  the  digital  domain  remove  that 
thermal  noise,  called  Johnson  noise,  from  the  system.  I  would  not 
have  that  as  an  option  in  some  of  those  others.  There  is  an  18-bit 
converter  that  is  made  by  Analog  Devices  but  it  only  has  about  a  10  Hz 
bandwidth  and  so  I  don't  have  a  lot  of  room  to  play  with  doing  my 
digital  filtering. 
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